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fo r  a ll v a lu e s  of B f ro m  2 - 9 9
T he c o la titu d e  ^  a s  a  fu n c tio n  of th e  m a g n e tic  
in c lin a tio n  I, a c c o rd in g  to  th e  fo rm u la
T he m e an  d ir e c t io n s  of m a g n e tiz a tio n  of th e  N ew er 
(NV) and  O ld e r  (OV) V o lc a n ic s
T h e  s i te  m e an  d ire c t io n s  of m a g n e tiz a tio n  g iven  w ith  
r e s p e c t  to  th e  h o r iz o n ta l  p la n e . N o tice  th e  
s im i la r i ty  w ith  th e  p r e s e n t  g e o m a g n e tic  f ie ld
T he s ite  m e an  d ire c t io n  of m a g n e tiza tio n  g iven  w ith  
r e s p e c t  to  th e  b ed d in g  p la n e . N o tice  the  am o u n t of 
s c a t t e r
T he  C a to m b a l F o rm a tio n  of N, S. W . The d ire c t io n  of 
m a g n e tiz a tio n  w ith  r e s p e c t  to  th e  b ed d ing  and  th e  
h o r iz o n ta l  p la n e s , to g e th e r  w ith  th e  p r e c is io n  k, 
is  g iv en . A f te r  c o r r e c t in g  fo r  th e  g e o lo g ic a l fo ld ing  
th e  s ig n if ic a n t fa ll in  th e  v a lu e  o f th e  p re c is io n  is  
in d ic a tiv e  o f th e  r e c e n t  m a g n e tiz a tio n  of th e  fo rm a tio n .
T he  d ire c t io n  of m a g n e tiz a tio n  of th e  E d en  rh y o l i te s  
f ro m  the  E d en  S tag e ,
T he Y alw al S tag e  sa n d s to n e  f ro m  E den , N, S. W, The 
d ire c t io n  of m a g n e tiz a tio n  w ith  r e s p e c t  to  th e  h o r iz o n ­
ta l  and  th e  b ed d in g  p la n e s . T he w ith in - s i te  b e tw e e n -  
s i te  and o v e ra l l  p r e c is io n  i s  a ls o  g iv en . T h e re  is  a 
s l ig h t d e c r e a s e  in  p re c is io n  on c o r r e c t in g  fo r  g e o lo g ic a l 
d ip .
V -
V -
VI -
VI -
VII - 
VII -
VIII -
IX - 
X - 
XI - 
XII -
XII -
3 The N ew lan d s  C r e e k  C o n g lo m e ra te  (L a m b ie  S tage),
The c o n g lo m e ra te  is  c o m p o se d  of b o u ld e r s  d e r iv e d  
f ro m  s e d im e n ts  f r o m  th e  Y a lw al S ta g e .  T he  b o u ld e r s  
show a p r e f e r r e d  d i r e c t io n  of m a g n e t iz a t io n ,  
in d ica t in g  s e c o n d a r y  m a g n e t iz a t io n .
4 The o v e r a l l  m e a n  d i r e c t io n  of m a g n e t iz a t io n  of the  
N e th e rc o te  b a s a l t s  ( f la t  lying) to g e th e r  with the  
p r e c i s io n  in d e x e s .
1 T he  d i r e c t io n  of m a g n e t iz a t io n  of th e  D evon ian  r e d  
beds  of V ic to r ia ,  w ith  r e s p e c t  to  th e  h o r iz o n ta l  and  
bedding  p la n e s .
2 T he m e a n  d i r e c t io n  of m a g n e t iz a t io n  w ith  r e s p e c t  to 
the  h o r iz o n ta l  and  the bed d in g  p la n e s  fo r  the  U p p e r  
P a la e o z o ic  r e d  b ed s  of V ic to r ia ,
1 The m e a n  d i r e c t io n  of e a c h  of th e  e ig h t  M e m b e rs  of 
the  Igneous  r o c k s  f r o m  th e  C a n b e r r a  d i s t r i c t .
2 The m e a n  d i r e c t io n  of m a g n e t iz a t io n  of th e  Igneous  
ro c k s  of C a n b e r r a  w ith  r e s p e c t  to th e  bedd ing  and  
h o r iz o n ta l  p la n e s  (8 M e m b e r s  s a m p le d  - 80 s a m p le s )
1 T he  m e a n  d i r e c t io n  of m a g n e t iz a t io n  of the
M u rru m b id g e e  S e r i e s  a t  Good Hope w ith  r e s p e c t  to  
the  bedding  p la n e s .
1 The f o r m e r  po le  p o s i t io n s  f o r  m a g n e t ic a l ly  s ta b le  
f o r m a t io n s .
1 T he change  in la t i tu d e  of W ag g a -W ag g a  th ro u g h o u t 
g e o lo g ica l  t im e .
1 E s t i m a t e s  of th e  s e c u l a r  v a r i a t io n  f r o m  th e  b e tw e e n -  
s i t e  v a r ia t io n .  (See  te x t  of th is  C h a p te r ) .
1 T he  in c l in a t io n  of th e  p e r m a n e n t  m a g n e t iz a t io n  of 
s a m p le s  of c o r e  o b ta in e d  f r o m  a ta lu s  s lo p e  on the  
T a s m a n ia n  W e s te rn  T i e r s ,
2 T he  d i r e c t io n  of m a g n e t iz a t io n  of s ix  P i l a n s b e r g  dykes  
(G o u g h 's  (1957) d a ta ) .
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A p p en d ix es .  F u n d a m e n ta l  d a ta .
LIST OF P L A T E S
T h is  show s a g e n e r a l  v iew  of th e  i n s t r u m e n t .  T he  
l a r g e  c o ils  (2 m e t r e s  d ia m e te r )  a r e  p ro m in e n t .  The 
d e te c to r  is  m o u n ted  on th r e e  le g s  and  d i r e c t ly  below 
i t  is  a  r o c k  d is k  m o u n ted  on a p is to n  fo r  r a i s i n g  and 
lo w e r in g  th e  d isk .  In th e  lo w e r  le f t  hand  c o r n e r ,  the  
s t r i n g s  w hich  c o n tro l  the  d i s ta n c e  of th e  s p e c im e n  when 
r a i s e d ,  and  the  ro d  w hich c o n t ro ls  th e  e a s t - w e s t  
t r a v e r s e  a r e  to  be s e e n .
T h is  i s  a c lo se  up of the  d e te c t in g  s y s t e m  of the  
m a g n e to m e te r .
M ounted d i r e c t ly  u n d e rn e a th  th e  m a g n e to m e te r  
d e te c to r  head  is  th e  ro c k  t r a v e r s e  c a r r i a g e .  The 
co m p o n en ts  of the  c a r r i a g e  a r e  a s s e m b le d  r e a d y  fo r  
m o u n tin g .
A n exp loded  view of the  r o c k  t r a v e r s e  c a r r i a g e  and 
e le v a t in g  p is to n .
T he  ru g g e d  C a to m b a l  R an g e .
In c o m p e te n t  s h a le s  f ro m  th e  C a to m b a l  F o r m a t io n  
w h ich  have  fa i le d  u n d e r  s t r e s s .
LIST O F  SYMBOLS
To
■ /la m e t r e d e f le c t io n  of the  l ig h t - s p o t  by a  fie ld , 
By , p e r p e n d ic u la r  to the  plante of
the  a s t a t i c  m a g n e t s .
m e t r e m e a n  v a lu e  of the  d i s p la c e m e n t  of the  
l ig h t - s p o t  g iv en  by r o ta t in g  a d ip o le .
< m e t r e d e f le c t io n  g iven  by a s p e c im e n  in
a m a g n e t ic  f ie ld ,  "g
m e t r e d e f le c t io n  o f  the  l ig h t - s p o t  g iven  by the  
s e n s i t iv i ty  co il  J .
m e t r e a m p li tu d e  of the  d e f le c t io n  g iven  by 
r o ta t in g  a d ip o le .
a m e t r e r a d iu s  of a  r o c k  d isk .
m e t r e e r r o r  m a d e  in r e a d in g  a d e f le c t io n .
B w e b e r / m e t r e ^ a u n i fo r m  f ie ld  th ro u g h  the  m a g n e t o m e te r ' s  
d e te c t in g  s y s te m .
B - n u m b e r  of s a m p l in g  s i t e s  
( s e e  W atso n  & I rv in g  ( 1957) )
w e b e r / m e t r e ^ the  h o r i z o n ta l  co m p o n en t of the  f ie ld , B.
w e b e r / m e t r e ^ the  f ie ld  on the  lo w e r  m a g n e t  g iven  by 
a d ipo le  of m o m e n t ,  m .
B a w e b e r / m e t r e 2 the  r a d i a l  m a g n e t ic  f ie ld  of a
s y m m e t r i c a l  co il  s y s te m
( e . g .  H e lm h o l tz -G a u g a in  s y s te m )
w e b e r / m e t r e a u n i fo r m  m a g n e t ic  f ie ld  p e r p e n d ic u la r  
to the  p lan e  of th e  a s t a t i c  m a g n e ts .
B „ w e b e r / m e t r e ^ a u n i fo r m  v e r t i c a l  m a g n e t ic  f ie ld .
A Bc w e b e r / m e t r e ^ the  in h o m o g e n e i ty  in the  m a g n e t ic  f ie ld
a r i s i n g  f r o m  th e  f in i te  d im e n s io n s  of 
th e  c o i l s .
a B h
2
w e b e r / m e t r e 1 ^h o r iz o n ta l  c o m p o n en t of A B c J- *
w e b e r / m e t r e ^ d i f f e r e n c e  in  the  f ie ld  in the  "y" 
d i r e c t io n  b e tw een  the  top  and  lo w e r  
m a g n e t  of th e  a s t a t i c  p a i r .
-G - g e o lo g ic a l  sy m b o l  fo r  the  C a m b r ia n  
P e r io d .
C - g e o lo g ic a l  sy m b o l  fo r  th e  C a r b o n i fe ro u s  
p e r io d .
C m e t r e th e  c o r r e c t i o n  to be ap p l ie d  to the  Z 
s c a le  to g ive  th e  d i s ta n c e s  of the  
r o c k  d is k  f r o m  the  lo w e r  m a g n e t .
15 - g e o lo g ic a l  sy m b o l  f o r  th e  D evon ian  
P e r io d .
A ra d ia n  
(in  d e g re e s )
the  a z im u th  of the  d i r e c t io n  of 
m a g n e t iz a t io n  of a r o c k  d is k  w ith  
r e s p e c t  to a r e f e r e n c e  a r r o w  on the 
r o c k  d isk .
d i m e t r e d is ta n c e  b e tw een  the  s e n s i t iv i ty  co il J ,  and  the  d e te c t in g  s y s te m .
F - F i s h e r ’s F  - t e s t .
m e t r e th ic k n e s s  of the  r o c k - d i s k .
I 2kg. m e t r e m o m e n t  of i n e r t i a  of the  d e te c t in g  s y s te m .
J - g e o lo g ic a l  sy m b o l  fo r  the  J u r a s s i c  
P e r io d .
J, - s e n s i t iv i ty  co il ,  J |
Ja - s e n s i t iv i ty  co il ,  J ^
1 m e t r e un it  v e c to r  in th e  "y"  d i r e c t io n  ( i .  e. to the  e a s t ) .
K - g eo lo g ic a l  sy m b o l  fo r  the  C re ta c e o u s  
P e r io d .
-
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th e  o v e r a l l  p r e c i s io n  of the  d i r e c t io n  
of m a g n e t iz a t io n .
m e t r e s e p a r a t i o n  of the two m a g n e ts  of the  
a s t a t i c  p a i r  of the  m a g n e to m e te r .
a m p /  m e t r e m a g n e t iz a t io n  of a  r o c k  d isk .
a m p / m e t r e m a g n e t iz a t io n  in d u ced  in a r o c k  d isk  
by the  f ie ld  B y
a m p / m e t r e the  t h r e e  s p a c e  c o m p o n en ts  of the  
m a g n e t iz a t io n  M.
a m p .  m e t r e ^ m a g n e t ic  d ipo le  m o m e n t  of e ach  m a g n e t  
of the  a s t a t i c  p a i r .
a m p .  m e t r e ^ d ipo le  m o m e n t  of a s m a l l  m a g n e t  
d e f le c t in g  th e  m a g n e to m e te r
a m p . m e t r e ^
the  c o m p o n en ts  of the  d ipo le  d e f le c t in g  
th e  m a g n e to m e te r
a m p . m e t r e ^ h o r iz o n ta l  co m p o n en t of the  d ipo le  of 
m o m e n t  m  Q*
a m p . m e t r e ^ d ipo le  m o m e n t  of the  s e n s i t iv i ty  co il  J .
a m p . m e t r e ^ v e c to r  s u m  of the  m o m e n ts  of th e  
m a g n e ts  of the  a s t a t i c  p a i r .
n u m b e r  of s a m p l e s  o b ta in ed  a t  a  s i te  
fo r  a p a la e o m a g n e t ic  s u rv e y .
g e o lo g ic a l  sy m b o l  fo r  the  O rd o v ic ia n  
P e r io d .
p ro b a b i l i ty  le v e l  ( = 0. 05 in th is  th e s i s )
g e o lo g ic a l  sy m b o l  fo r  th e  P e r m i a n  
P e r io d .
g e o lo g ic a l  sy m b o l  fo r  th e  Q u a te r n a ry .
m e t r e
m e t r e
r a d iu s  of th e  c o i ls  of a  H e lm h o ltz  - 
G au g a in  s y s te m :  a l s o  th e  s e p a r a t io n  
of th e  c o i ls .
a v e c to r  f r o m  a s m a l l  d ipo le  of m o m en t,  m  
to th e  lo w e r  m a g n e t  of the  a s t a t i c  p a i r
m e t r e
s e c
s e c
s e c
s e c
m e t r e
the  r e s u l t a n t  of the  v e c to r  su m m a tio n  
of the  d i r e c t io n s  of m a g n e t iz a t io n  of 
s a m p le s  f r o m  a  s i te
r a d ia l  c o - o r d in a te s
g e o lo g ic a l  sy m b o l  fo r  th e  S i lu r ia n  P e r io d .
the  a s t a t i c i s m  of the  d e te c to r  of the  
m a g n e to m e te r .
a c ru d e ly  o b ta in ed  v a lu e  fo r  S .
p e r io d  of f r e e  o s c i l la t io n  of the  
m a g n e t o m e t e r ' s  d e te c t in g  head
p e r io d  of sw ing  of the  d e te c to r  in a 
fie ld , B w hen the  two m a g n e ts  a r e  l in ed  
up p a r a l l e l .
A s  fo r  T + bu t w ith  th e  m a g n e ts  a n t i p a r a l l e l .
T r i a s s i c  P e r io d  
T e r t i a r y  (P l io c en e )  
G eo lo g ica l  sy m b o ls  T e r t i a r y  (M io c en e )  
fo r  T e r t i a r y  (O ligocene)
T e r t i a r y  (E ocene)
t im e  in m il l io n  of y e a r s
v o lu m e  of a  r o c k  d is k  ( = 8  c. c . )
w e igh ted  a v e r a g e  n u m b e r  of s p e c im e n s  
f r o m  each  s i te  ( s e e  W atson  & I rv in g  
( 1956 ) )
n u m b e r  of s p e c im e n s  ob ta in ed  f ro m  
s i te  "C " .
m e t r e
X  m e t r e
d i s ta n c e  the  r o c k  d is k  is  d is p la c e d  to 
th e  e a s t  u n d e r  the  m a g n e to m e te r  
d e te c t in g  s y s t e m  ( = 0 .2 4 6  cm ).
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d is ta n c e  of r o c k  d is k  ( o r  d ipole) be low  
th e  lo w e r  m a g n e t .
m e t r e g r a d u a te d  s c a le  a long  the  p is to n  fo r  
e le v a t in g  the  r o c k  d is k
m e t r e th e  e f fe c t iv e  d is ta n c e  of a r o c k  d is k  
f r o m  the  lo w e r  m a g n e t ,  .
= [ C ^ c  +
<X (d e g re e ) s e m ia n g le  of th e  cone of con fidence  
( F i s h e r  ( 1953) ) a ro u n d  the m e a n  
d i r e c t io n .
o< (d e g re e ) an g le  b e tw een  the  r e s t  p o s i t io n  of the  
d e te c to r  and the d i r e c t io n  fo r  no tw is t  
in the  s u s p e n s io n  f ib r e .
ß (d e g re e ) b e tw e e n - s i t e  p r e c i s io n  indeoc 
(W atson  & I rv in g  ( 1957) )
ß (d e g re e ) the  ang le  b e tw een  A m  and
th e  b e tw een  s i te  p r e c i s io n  with r e s p e c t  
to  the  p r e s e n t  h o r iz o n ta l  p lan e .
the  b e tw e e n - s i t e  p re c i s io n  w ith r e s p e c t  
to the  bed d in g  of a fo rm a t io n .
X (d e g re e ) th e  ang le  b e tw een  the  d ipo le  m o m e n t  of the  u p p e r  m a g n e t ,  m  and  A  B l i ­
e r a d ia n th e  tw is t  of th e  d e te c to r  of the  
m a g n e to m e te r  by a f ie ld ,
0 (d e g re e ) la t i tu d e  of th e  f o r m e r  pole  p o s i t io n  .
e ' (d e g re e ) la t i tu d e  of th e  s a m p l in g  s i t e  f r o m  
w hich  the  f o r m e r  po le  is  d e te r m in e d .
K - F i s h e r ' s  p r e c i s io n  index .
ßo f a r a d / m e t r e p e r m e t t iv i ty  of f r e e  sp a c e  ^
o
ra d ia n  m e t r e  
w e b e r
2  1s e n s i t iv i ty  of th e  m a g n e to m e te r  ^
( s e e  T ab le  II - 3 )
th e  v a lu e  3. 14159
n e w to n - m e t r e
ra d ia n
t o r s io n  c o n s ta n t  of the  su sp e n s io n
11 coup le  on the  d e t e c to r  due to the  la c k  
of a s t a t i c i s m .
! 1 coup le  on the  d e t e c to r  due to  the 
in h o m o g e n e i ty  in the  f ie ld  b e tw een  
th e  a s t a t i c  m a g n e t s .
(d e g re e ) lon g itu d e  of th e  f o r m e r  pole  p o s i t io n .
(d e g re e ) lo ng itude  of th e  s a m p l in g  s i te  f ro m  
w hich  a f o r m e r  po le  i s  d e te r m in e d .
s u s c e p t ib i l i ty .
(d e g re e ) the  e r r o r  in th e  f o r m e r  lo ng itude  of a 
p a la e o m a g n e t ic a l ly  d e te r m in e d  pole  
p o s i t io n .
an  u p p e r  l im i t  ( P  = 0. 05) fo r  t h e  
d i s p la c e m e n t  of the  pole  in a  g iven  t im e ,  
on the  a s s u m p t io n  of a r a n d o m  w alk .
th e  lo w e r  l im i t ,  a n a la g o u s  to the  above .
(d e g re e ) an a r c  d is ta n c e ;  u s u a l ly  th e  d i s p l a c e ­
m e n t  of the  po le .
(d e g re e ) the  e r r o r  in th e  f o r m e r  la t i tu d e  of a 
p a la e o m a g n e t ic a l ly  d e te r m in e d  pole 
p o s i t io n .
the  w i th in - s i t e  p r e c i s io n  (W atson  & 
I rv in g  (1957) ) fo r  the  whole fo r m a t io n .
the  p r e c i s io n  a t  e a c h  in d iv id u a l  s i te .
C H A P T E R  I
I N T R O D U C T I O N
H is to r i c a l  P r e a m b le
R ap id  D e v e lo p m e n t  of P a la e o m a g n e t i s m  
P a la e o m a g n e t i s m  in 1956 
An In t ro d u c t io n  to th e  C h a p te r s
C H A P T E R  I
INTRODUCTION
T he s tudy  of p a la e o m a g n e t i s m  h a s  f o r  Its o b je c t iv e  the  
d e s c r ip t i o n  of the  b e h a v io u r  of th e  E a r t h ' s  m a g n e t ic  f ie ld  in p a s t  
a g e s ,  It m ay  a lso  be a p p l ie d  to c e r t a in  e c o n o m ic  p r o b le m s .
T he  r e s u l t s  d e s c r ib e d  in th is  t h e s i s  p ro v id e  in fo r m a t io n  about 
the  g e o m ag n e t ic  f ie ld  in A u s t r a l i a  d u r in g  th e  Kai n ozo ic  and 
P a la e o z o ic .  R e s u l t s  a r e  p r e s e n te d  r e g a r d in g  th e  p h e n o m en a  of 
p o la r  w an d erin g , r e v e r s a l s  in the  p o la r i ty  of the  f ie ld  and  its  
s e c u l a r  v a r ia t io n .  T h e r e  is  a l s o  a  c h a p te r  d e a l in g  w ith  two p ro b le m s  
in e co n o m ic  g e o p h y s ic s .
W hen th is  w o rk  was c o m m e n c e d  pa .laeo m ag n e t ic  r e s u l t s  fo r  
A u s t r a l i a n  ro c k s  had  been  o b ta in ed  only f r o m  the  d o le r i t e  s i l l s  
of T a s m a n ia  ( J a e g e r  & Jo p l in  ( 1955), A lm o n d , C legg  & J a e g e r  (1955), 
I rv in g  (1956)) and  a lm o s t  no in fo r m a t io n  w as a v a i la b le  f r o m  ro c k  
fo rm a t io n s  on the  m a in la n d .  T h u s  in o r d e r  to  p ro v id e  the  p r i m a r y  
d a ta  n e c e s s a r y  fo r  the  ad v an c e  of th i s  s u b je c t  a  s u rv e y  of v a r io u s  
ro c k  fo r m a t io n s  on the  A u s t r a l i a n  m a in la n d  was u n d e r ta k e n  to g e th e r  
w ith  a  m o r e  d e ta i le d  s tudy  of v a r io u s  s p e c ia l  p r o b le m s ,  su ch  a s  
s e c u l a r  v a r ia t io n ,  and the in v e s t ig a t io n  of the  s u i ta b i l i ty  of d i f f e r e n t  
ro c k  ty p e s  fo r  p a la e o m a g n e t ic  w o rk .
1. 1 H is to r i c a l  P r e a m b le .
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One of the  e a r l i e s t  r e c o r d e d  
a c c o u n ts  of the  m a g n e t iz a t io n  of r o c k  o c c u r s  in the  L og  of J o a o  
de C a s t r o  ( 1958), a  P o r tu g e s e  n a v ig a to r ,  who c o m m e n ts  upon the  
in f lu en ce  th a t  the  i s la n d  of C hau l off B om bay  had  on h i s  c o m p a s s  
n e e d le .  T h is  o b s e r v a t io n  w as fo llow ed in 1797 by a d e ta i le d  
s tudy  by H um bo ld t of the  m a g n e t ic  p r o p e r t i e s  of s e r p e n t in e  f ro m  
the  s u m m it  of H e id e lb e rg  M ountain , and  in th is  w o rk  is  to be found 
the  f i r s t  r e f e r e n c e  to the  u n i fo r m i ty  of the  d i r e c t io n  of m a g n e t i z a ­
tion  of n a tu ra l ly  o c c u r r in g  ro c k .  H u m bo ld t d e p r e c a t e s  th e  la c k  
of i n t e r e s t  shown by the  p h y s ic i s t s  of h is  day in the  p h en o m en a  of 
m a g n e t iz a t io n  and  h a lf  a  c e n tu ry  had  to e la p s e  b e fo re  D e le s s e  
(1849) show ed th a t  e ru p t iv e  r o c k s  w e re  p e r m a n e n t ly  m a g n e t iz e d  
and, no m a t t e r  how s m a l l  the  p ie c e  of ro c k ,  i t  w as a lw ay s  a d ipo le . 
T he  s u b je c t  took  a g r e a t  s te p  fo r w a r d  when M ellon i (1853) 
c o n s t r u c te d  an a s t a t i c  m a g n e to m e te r  with w hich  he  w as a b le  to 
show th a t  m an y  r o c k s  w hich  f o r m e r l y  had  b e en  b e l ie v e d  to  be n o n ­
m a g n e t ic  w e re  in fa c t  p e rm a n e n t ly  m a g n e t iz e d  and  he a s s ig n e d  
th e i r  m a g n e t iz a t io n  to the  in f lu en ce  of the  g e o m a g n e t ic  f ie ld .
He a l s o  show ed th a t  p ie c e s  of la v a  a r t i f i c i a l l y  h e a te d  to r e d  h e a t  
and  cooled  in the  g e o m a g n e t ic  f ie ld  a c q u i r e d  th e  s a m e  p o la r i ty  a s  
r e c e n t  la v a  f lo w s , W ith s u c h  an i n s t r u m e n t  F o l g h e r a i t e r  (1897, 
1899) w as a b le  to  m e a s u r e  the  in c l in a t io n  of the  m a g n e t iz a t io n  of 
baked  E t r u s c a n  p o ts  but he is  e s p e c ia l l y  r e m e m b e r e d  fo r  po in ting  
out the  en h an ced  s ta b i l i ty  of m a g n e t iz a t io n  of f i r e d  c la y s .  T h is
w as  an  e a r ly  s ta te m e n t  of the  p r o c e s s  w hich  is  now c a l led  
th e r m o r e m a n e n t  m a g n e t iz a t io n .  (T h e l l i e r (  1938)) . W h e re a s  
F o l g h e r a i t e r  had w o rk ed  on f i r e d  c lay s ,  B ru n h e s  {1905, 1906) 
e x a m in e d  c la y s  f r o m  the  A u v e rg n e ,  which w e re  baked  by o v e r ly in g  
la v a  f low s. He r e c o r d s  the  a g r e e m e n t  b e tw een  the  d i r e c t io n  of 
m a g n e t iz a t io n  of the  lav a  and  the  u n d e r ly in g  b aked  c lay .  T he 
a g r e e m e n t  is  found in both  n o r m a l  and  r e v e r s e d  ro c k s  and he 
a s c r i b e d  the  r e v e r s a l s  in m a g n e t iz a t io n  to r e v e r s a l s  in the  
d i r e c t io n  of the  g e o m ag n e t ic  f ie ld  in the  p a s t .
In 1925 C h e v a l l ie r  ( 1925) p u b l ish e d  th e  r e s u l t s  of h is  w o rk  
on the  la v a s  of Mt. E tn a .  He s a m p le d  la v a s  ra n g in g  in ag e  f r o m  
th e  VIII c e n tu ry  B. C. to th e  XX c e n tu ry .  F r o m  th o s e  flow s of 
the  XII to the  XX c e n tu ry  f o r  w hich  a c c u r a t e  d a te s  w e re  known, 
he show ed th a t  on cooling , th e  la v a s  r e t a in e d  the  d i r e c t io n  of the  
f ie ld  w ith su ff ic ie n t  f id e l i ty  fo r  th e  p e r io d  and  a m p l i tu d e  of the  
s e c u l a r  v a r ia t io n  to  be r e c o r d e d  a s  750 y r s  and  18° r e s p e c t iv e ly .  
He a ls o  su g g e s te d  th a t  th e  age  of a  h i s t o r i c a l  flow m a y  be ded u ced  
f ro m  the  d e c l in a t io n  and in c l in a t io n  of i t s  m a g n e t iz a t io n .  H is  
r e s u l t s  fo r  the  L e  Sona flow (w hich  had  been  a s c r i b e d  on h i s t o r i c a l  
ev id en ce  to e i t h e r  the  y e a r  812 o r  1169) s u g g e s te d  th a t  the  f o r m e r  
w as the  m o r e  p ro b a b ly  s in c e  i t s  d i r e c t io n  of m a g n e t iz a t io n  f i t ted  
h is  e x t r a p o la te d  c u rv e .  T h is  w as th e  f i r s t  t im e  p a la e o m a g n e t i s m  
had  oeen  u sed  fo r  da ting  r o c k s .
M ercan to n  (1926) m a d e  o b s e r v a t io n s  on th e  d i r e c t io n s  of 
m a g n e t iz a t io n  of b a s ic  la v a s  f r o m  m an y  d i f f e r e n t  c o u n t r ie s  and 
d i s c o v e r e d  th a t  r e v e r s a l s  w e re  a  w o r ld -w id e  p h en o m en a .
M e rca n to n  is  a lso  r e m e m b e r e d  fo r  h is  s u g g e s t io n  th a t  the  m e th o d s  
of p a la e o m a g n e t i s m  m ay  be u s e d  to d e te r m in e  th e  g e o m a g n e t ic  
l a t i tu d e s  of ro c k s  a t  t h e i r  t im e  of fo rm a t io n  and  h en ce  im p ly  p o la r  
w a n d e r in g .
K ö n ig s b e r g e r  (19 32, 19 38) m ad e  e x te n s iv e  l a b o r a to r y  
e x p e r im e n t s  on the  m a g n e t iz a t io n  of ro c k s  u n d e r  v a ry in g  
t e m p e r a t u r e  co n d it io n s .  He d iv ided  igneous  r o c k s  in to  t h r e e  g ro u p s  
a c c o rd in g  to t h e i r  m a g n e t ic  m in e r a l  con ten t .  T h o se  ro c k s  c o n ta in ­
ing p r in c ip a l ly  m a g n e t i te  he p ro n o u n c e d  su i ta b le  fo r  p a la e o m a g n e t ic  
w ork ; th o se  co n ta in ing  t i t a n o m a g n e t i te  w e re  shown to be su b je c t  
to a  change  in in te n s i ty  on h ea tin g ,  bu t n e v e r th e l e s s ,  to r e c o r d  
a c c u r a t e ly  the  d i r e c t io n  of th e  f ie ld  in w hich  th ey  in i t ia l ly  coo led .
The th i r d  g ro u p  co n ta in ing  ' t i t a n o m a g h e m i te '  (s ic )  w e re  co n d em n ed  
by h im  a s  u n s u i ta b le .  K ö n ig s b e r g e r 's  f ind ings  have  s tood  th e  t e s t  
of t im e  r e m a r k a b ly  well. (K aw ai, K um e and Y asu k aw a  ( 1956), 
(K aw ai, K um e and S a s a j im a  (1954)).
1 .2  R ap id  D ev e lo p m e n t  of P a la e o m a g n e t i s m .  D u r in g  th e  l a s t  
d eca d e  the  s u b je c t  h a s  a d v an ced  r a p id ly .  T h e r e  a r e  a n u m b e r  of 
r e a s o n s  fo r  th is  w hich a r e  now d i s c u s s e d .
1, T he  p r o g r a m m e  of w o rk  in i t ia te d  a t th e  C a rn e g ie
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In s t i tu t io n  of W ashing ton . Jo h n so n ,  M urphy  and T o r r e s o n  (1 9 4 8 ^  * 
m e a s u r e d  the  d i re c t io n  of m a g n e t iz a t io n  of T e r t i a r y  s e d im e n ts  and 
Q u a te r n a r y  v a r v e s .  G r a h a m  (1949) show ed how the  s ta b i l i ty  of 
the  m a g n e t iz a t io n  m a y  be t e s t e d  by g e o lo g ic a l  f ie ld  t e s t s .
2. Im p ro v e m e n t  in I n s t r u m e n ta t io n .  J o h n so n  and  M cN ish  
( 1938) b u i l t  a  ' s p in n e r '  in w h ich  th e  s p e c im e n  is  ro ta te d  c lo se  to
a p ic k -u p  coa l and the ind u ced  s ig n a l  i s  a m p l i f ie d  and  i t s  p h a se  
(i.  e. d i re c t io n )  and  a m p l i tu d e  (i. e . in ten s i ty )  m e a s u r e d .  B la c k e t t  
( 1952) b u il t  an  a s t a t i c  m a g n e to m e te r  m a k in g  u s e  of r e c e n t  i m p r o v e ­
m e n ts  in m a g n e t ic  m a t e r i a l s  and  a l th o u g h  the  in s t r u m e n t  w as 
o r ig in a l ly  b u il t  to t e s t  one of th e  fu n d a m e n ta l  t h e o r i e s  of th e  o r ig in  
of the  g e o m a g n e t ic  fie ld , i t  h a s  s in c e  s e r v e d  a s  a  p ro to ty p e  fo r  
m an y  o th e r  i n s t r u m e n ts  c o n s t r u c te d  fo r  p a la e o m a g n e t ic  
in v e s t ig a t io n s ,  (C o ll in so n , C r e e r ,  I rv in g ,  and  R u n co rn  ( 1957)).
3. R e s e a r c h  in to  the  M ag n e tic  P r o p e r t i e s  of F e r r o ­
m a g n e t ic  G r a in s .  N o tab le  in th is  f ie ld  w e re  N ag a ta  (1953), A k im o to  
( 1957), N ee l ( 1955), R oquet (1949, 1959) and  T h e l l i e r  ( 1938, 1951).
4 .  R e c e n t  t h e o r i e s  of the  E a r t h ' s  m a g n e t i s m ,  A th e o ry  of the  
E a r t h ' s  m a g n e t ic  f ie ld  ( E l s ä s s e r  (1846, 1947), B u l la rd  and 
G e llm a n  ( 1955), R u n co rn  (1954)) m u s t  e x p la in  the  in te n s i ty ,  the  
d o m in an t  d ipo le  co m ponen t of the  f ie ld  and a  coup ling  be tw een  the  
E a r t h ' s  r o ta t io n a l  and  g e o m a g n e t ic  a x e s ,  th e  s e c u l a r  v a r ia t io n  and 
i ts  w e s tw a rd  d r i f t ,  and  p o s s ib ly  r e v e r s a l s  in  the  g e o m a g n e t ic  
f ie ld . P a la e o m a g n e t i s m  h a s  s e r v e d  to p ro v id e  p r i m a r y  d a ta  on
m a n y  o f th e s e  p h e n o m en a .
5. The D ipo le  A ss u m p t io n .  T he  m o s t  im p o r ta n t  f e a tu re  
of th e  f ie ld  today  is  i t s  d ipo le  c h a r a c t e r .  C r e e r ,  I rv in g  and 
R u n c o rn  ( 1954) a s s u m e d  th i s  had  a lw a y s  b e en  so and  f u r th e r m o r e ,  
b e c a u s e  of the  w e s t e r ly  d r i f t  of the  g e o m a g n e t ic  f ie ld , the  a v e r a g e  
d i r e c t io n  o v e r  a  p e r io d  of a  few th o u s a n d  y e a r s  would co inc ide  
w ith  th e  E a r t h ' s  a x is  of r o ta t io n .  T h is  fu n d a m e n ta l  a s s u m p t io n  
is  c a l le d  th e  d ipo le  a s s u m p t io n .  It a l lo w s  the  p o s i t io n  of the  
g e o m a g n e t ic  and ro ta t io n a l  po le  in th e  p a s t  to  be c a lc u la te d  f ro m  
the  p a la e o m a g n e t ic  d a ta .  It t u r n s  ou t th a t  th e  p o le s  c a lc u la te d
in t h i s  w ay do no t c o in c id e  in p o s i t io n  w ith  the  p r e s e n t  g e o g ra p h ic a l  
po le  f o r  p e r io d s  p r i o r  to the  m id d le  of th e  T e r t i a r y ,  th u s  re o p e n in g  
on a q u a n t i ta t iv e  b a s i s ,  the  old p r o b le m s  of p o la r  w an d er in g , 
p a la e o c l im a to lo g y  and  c o n tin en ta l  d r i f t .
6. I m p r o v e m e n ts  in the  S ta t i s t i c a l  T r e a tm e n t  of 
P a la e o m a g n e t i c  M e a s u r e m e n ts .  F i s h e r  ( 195 3) put fo rw a rd  a 
s u i ta b le  m ethod  fo r  p r o c e s s in g  p a la e o m a g n e t ic  d a ta  so  a s  to obta in  
th e  m e a n  d i r e c t io n  of m a g n e t iz a t io n  of a  fo r m a t io n  and an e s t im a te  
of th e  s iz e  of th e  cone of con fid en ce  a ro u n d  th a t  d i r e c t io n .
1, 3 P a la e o m a g n e t i s m  in 19 56 . W hen the  p r e s e n t  r e s e a r c h  
w as begun  th e  s t a t e  of know ledge  in p a la e o m a g n e t i s m  w as b r ie f ly  
a s  f o l l o w s : -
1) It h ad  been  e s ta b l i s h e d  th a t  d u r in g  the  l a s t  tw enty
m il l io n  y e a r s  the  a v e r a g e  d i r e c t io n  of th e  e a r t h ' s  m a g n e t ic  f ie ld
in Ic e la n d  and  N. W. E u ro p e  h ad  b e en  s i m i l a r  to  th a t  of a 
g e o c e n t r i c  a x ia l  d ipo le .
2) The p o la r i ty  of the  g e o m a g n e t ic  f ie ld  a p p e a r s  to have  
r e v e r s e d  i t s e l f  a t  l e a s t  five  t im e s  d u r in g  th e  K a inozo ic  (H o s p e r s  
( 1954)).
3) It had  b een  shown th a t  the  ro ta t io n a l  po le  of the  E a r t h  
h a s  m o v ed  r e l a t i v e  to w e s te r n  E u ro p e  th ro u g h  an  an g le  of the  
o r d e r  of n in e ty  d e g r e e s  of a r c  s in c e  the  P r o t e r o z o i c  ( C r e e r  et a l . , 
(1954)). T h is  w o rk  su g g e s te d  th a t  p o la r  w a n d e r in g  had  ta k en  
p la c e .
4) T he  d e te r m in a t io n  of the  pole  p o s i t io n s  fo r  c o n te m ­
p o ra n e o u s  r o c k s  f r o m  d i f f e r e n t  co n t in e n ts  did no t a g r e e  w ith  one 
a n o th e r ,  s u g g e s t in g  the  p o s s ib i l i ty  of c o n t in e n ta l  d r i f t  in ad d it io n  
to  p o l a r  w a n d e r in g .  R u n c o rn  (1955) had  fa i le d  to  d e te c t  any  
s ig n i f ic a n t  m o v e m e n t  of N o r th  A m e r i c a  w h e r e a s  I rv in g  (1956) 
h ad  show ed  th a t  th e  pole  p o s i t io n  fo r  the  M eso z o ic  d o l e r i t e s  f r o m  
T a s m a n i a  w as d i f f e r e n t  f r o m  th a t  of W e s te rn  E u r o p e .  T h is  w as 
ev id en ce  s t ro n g ly  in fa v o u r  of co n tin e n ta l  d i s p la c e m e n t .  In 
a d d i t io n  p r e l i m i n a r y  r e s u l t s  h ad  been  o h ta in e d  f r o m  the  K a r ro o  
b a s a l t s  of A f r i c a  and  f r o m  the  D e cc an  T r a p s  of Ind ia  ( I rv in g  (1954), 
C leg g  e t  a l .  (19 56)) show ing n o n - a g r e e m e n t  w ith  c o n te m p o ra n e o u s  
p o le s  f r o m  o th e r  c o n t in e n ts ,
5) T he m a in  n eed , th e r e f o r e ,  w as  to o b ta in  r e s u l t s  f r o m
a s  m a n y  d if fe re n t  c o u n t r ie s  a s  p o s s ib le  in o r d e r  to t e s t  the  dipoler 
n a t u r e  of the  fie ld  s in c e  the  m id d le  T e r t i a r y ,  the  phenom enon  of 
r e v e r s a l s ,  and the in c o n s i s t e n c ie s  in pole  p o s i t io n s  fo r  p re -N e o g e n e  
r o c k s .  T h is  th e s i s  i s  an  o r ig in a l  in v e s t ig a t io n  in A u s t r a l i a  into 
t h e s e  p r o b le m s  and r e p r e s e n t s  p a r t  of a  p r o je c t  be ing  u n d e r ta k e n  
by th e  D e p a r tm e n t  of G e o p h y s ic s ,  A. N. U . , to d e te r m in e  the  
m o v e m e n t  of the  pole  r e l a t i v e  to A u s t r a l i a  fo r  a l l  g e o lo g ica l  
p e r io d s .
1, 4 A n  In tro d u c t io n  to th e  C h a p t e r s . In the  way of i n s t r u m e n ts ,  
th e  D e p a r tm e n t  of G e o p h y s ic s  a l r e a d y  had  o p e ra t in g  a s h o r t - p e r io d  
a s t a t i c  m a g n e to m e te r  ( s e n s i t iv i ty ,  1X10 g a u s s / m .  m . de flec tion )  
( I rv in g  1958) and  while it is  a d m i r a b le  f o r  m e a s u r in g  in te n s i ty  and
th e  d i r e c t io n  of m a g n e t iz a t io n  of ty p ic a l  b a s i c  igneous  ro c k s ,  e . g.
-2 “ 4th e  V ic to r ia n  K a inozo ic  V o lc a n ic s  ( in te n s i t i e s  10 -10  e . m . u . )
i t  is  no t su f f ic ie n t ly  s e n s i t iv e  to m e a s u r e  s e d im e n t s .  A m u ch  
l a r g e r  in s t r u m e n t  p o s s e s s in g  a s e n s i t iv i ty  of 10 g a u s s / m .  m . 
w h ich  would be cap ab le  of m e a s u r in g  the  m a g n e t iz a t io n  of m o s t  
s e d im e n t s  w as c o m m e n c e d  and the  a u th o r  a s s i s t e d  in i t s  
c o n s t r u c t io n .  T h is  i n s t r u m e n t  is  d i s c u s s e d  in C h a p te r  II.
H o s p e r s  (1955) and  R oche  (1954) h ad  e x a m in e d  the 
p a la e o m a g n e t i s m  of K a inozo ic  la v a s  f r o m  E u r o p e .  A s u rv e y  of 
A u s t r a l i a n  r o c k s  of a s i m i l a r  age  w as c o m m e n c e d  on the  K a in o ­
z o ic  V o lc a n ic s  f r o m  V ic to r ia  in  o r d e r  to c o m p a r e  th e m  w ith
r e s u l t s  f r o m  the N o r th e r n  H e m is p h e r e ,  In C h a p te r  III it is
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show n th a t  th e  N ew er  V o lc a n ic s  of V ic to r ia  p o s s e s s  r e v e r s e  and 
n o r m a l  p o la r iz a t io n  w ith  ro u g h ly  equal f r e q u e n c y ,  and  the 
d i r e c t i o n  of m a g n e t iz a t io n ,  w ithou t r e g a r d  to s ign, is  c o n s is te n t  
w ith  h av in g  o r ig in a te d  f r o m  the  g e o c e n t r ic  a x ia l  d ip o le .  T h is  
is  the  f i r s t  c o n f irm a tio n  f r o m  th e  S o u th e rn  H e m is p h e r e  of the  
d ip o le  h y p o th e s is .  The O ld e r  V o lc a n ic s  a l s o  ex h ib it  bo th  
p o l a r i t i e s  bu t the  in c l in a t io n  of the  m a g n e t iz a t io n  is  s ig n if ic a n t ly  
s t e e p e r  than  th a t  of the  N e w e r  V o lc a n ic s .
A s u rv e y  of both  ig n eo u s  and  s e d im e n ta r y  fo r m a t io n s  
r a n g in g  f r o m  U p p er  S i lu r ia n  to L o w e r  C a r b o n i f e r o u s  h a s  been  
u n d e r ta k e n  (F ig .  1) b e c a u s e  the  r o c k s  w e re  lo c a l ly  a v a i la b le  and  
a p p e a r e d  to be p a la e o m a g n e t ic a l ly  su i ta b le  and  a l s o  they  would 
ex ten d  the  r e c o r d  of the  p a la e o m a g n e t ic  f ie ld  in A u s t r a l i a  back  
f r o m  th e  J u r a s s i c  to the  D evon ian . It h a s  been  found tha t  the  
f o r m a t io n s  m ay  be a d v a n ta g e o u s ly  d i s c u s s e d  in t e r m s  of C r e e r ' s  
(1957) c l a s s i f i c a t io n  of the  s ta b i l i ty  of m a g n e t iz a t io n .  He 
in t r o d u c e s  the  con cep t of t h r e e  c o m p o n e n ts .
1) A p r i m a r y  c o m p o n en t a c q u i r e d  on o r  soon  a f t e r  
d e p o s i t io n  (o r  in t r u s io n  o r  e x t r u s io n  fo r  igneous  ro c k s ) .
2) A s e c o n d a ry  co m ponen t,  a c q u i r e d  o v e r  a  p e r io d  of 
s e v e r a l  thousand y e a r s  and  s u b se q u e n t  to the  d e p o s i t io n  
( e t c . ) of the  r o c k .
3) A t e m p o r a r y  c o m p o n en t a c q u i r e d  b e tw ee n  co l le c t io n  and
m e a s u r e m e n t .
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F ig . 1-1  M ap of s a m p lin g  a r e a s
T he f i r s t  of th e s e  m ay  be  a s s u m e d  to  r e t a i n  th e  d i r e c t io n  of
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th e  E a r t h ' s  m a g n e t ic  f ie ld  a t  ab o u t th e  t im e  of fo rm a t io n ,  and 
ro c k s  in w hich  th is  co m p o n en t p r e d o m in a te s  a r e  r e f e r r e d  to a s  
" s t a b le " .  R o ck s  in w hich  the  l a t t e r  two co m p o n en ts  p re d o m in a te  
a r e  r e f e r r e d  to a s  " u n s ta b le "  s in c e  t h e i r  d i r e c t io n s  of m a g n e t i z a ­
t io n  have  changed  d u r in g  g e o lo g ic a l  t im e .  T h is  u s e  of th e  t e r m s  
" s t a b le "  and  " u n s ta b le " ,  a l th o u g h  e x te n s iv e ly  em p lo y e d  in the  
l i t e r a t u r e ,  i s  no t v e r y  s a t i s f a c t o r y  b e c a u s e  it  l e a d s  to  a m b ig u i t ie s  
in  the  c a s e  of co n tac t  r o c k s  w h e re  " s t a b l e "  d i r e c t io n s  can  be 
a c q u i r e d  long  a f t e r  d e p o s i t io n  by r e - h e a t i n g .  H o w ev e r ,  co n tac t  
ro c k s  a r e  not d i s c u s s e d  in th is  t h e s i s  and  th i s  d if f icu l ty  d o e s  no t 
a r i s e .
Many of the  r o c k s  d i s c u s s e d  in C h a p te r s  IV, V and  VI have  
p re d o m in a n t  s e c o n d a ry  and  t e m p o r a r y  c o m p o n en ts ,  and  in 
C h a p te r  IV it i s  c l e a r ly  show n by m e a n s  of a  fold t e s t  (G ra h a m  
( 1949)) th a t  the  m a g n e t iz a t io n  of th e  C a to m b a l  F o r m a t io n  is  
s e c o n d a ry .  T h e r e  is  c o m p le te  l in e - u p  of the  d i r e c t io n  of 
m a g n e t iz a t io n  a lo n g  the  p r e s e n t  f ie ld .
In C h a p te r  V the  r e s u l t s  f r o m  the  E den , Y a lw al and  L a m b ie  
S ta g e s  (U p p e r  D evon ian , N. S. W , ) a r e  d i s c u s s e d  and the  m a g n e t ­
iz a t io n  is  c o n s id e r e d  to be  s e c o n d a r y  f o r  th e  s e d im e n ts  bu t 
p r i m a r y  fo r  the  N e th e r c o te  (Y alw al) b a s a l t s .  Two r e v e r s e l y  
m a g n e t iz e d  s i t e s  have  b e en  found a t  N e th e r c o te  and  th is  is  s t ro n g
ev id en ce  fo r  t h e i r  s ta b i l i ty .
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T h e  m a g n e t iz a t io n  of the  D ev o n ian  r e d - b e d s  of V ic to r ia  
i s  d i s c u s s e d  in C h a p te r  VI and the  s u g g e s t io n  is  a d v an ced  th a t  
ev en  th o u g h  the  d i r e c t io n  of m a g n e t iz a t io n  is  d i f f e r e n t  f r o m  the  
p r e s e n t  f ie ld ,  it  is  no t r e p r e s e n t a t i v e  of the  g e o m a g n e t ic  f ie ld  
a t  the  t im e  of d e p o s i t io n  of the  s e d im e n t s .
On th e  o th e r  hand, the  ig n e o u s  r o c k s  f r o m  a ro u n d  C a n b e r r a  
(C h a p te r  VII) an d  the  M iddle  D ev o n ian  s e d im e n t s  f r o m  Y a s s  
(C h a p te r  VIII) a r e  c o n s id e re d  to h av e  r e t a in e d  th e i r  p r i m a r y  
m a g n e t iz a t io n .  T he o c c u r r e n c e  of a  r e v e r s e l y  m a g n e t iz e d  m e m b e r  
a m o n g s t  th e  ig n eo u s  r o c k s  of C a n b e r r a  is  n o te w o r th y .
In C h a p te r  IX the  pole  p o s i t io n s  c o r r e s p o n d in g  to th e  s ta b ly -  
m a g n e t iz e d  fo r m a t io n s  a r e  c a lc u la te d .  T he  id e a  th a t  the  p a th  of 
p o l a r  w a n d e r in g  is  a  r a n d o m  w a lk  is  in t ro d u c e d ,  and p a la e o m a g n e t ic  
d a ta  a r e  f i t te d  to a ra n d o m  w alk  e q u a tio n  and  v a lu es  fo r  the  r a t e s  
of p o la r  w a n d e r in g  ob ta in ed .
In C h a p te r  X the  c o n s is te n c y  b e tw een  the  p a la e o m a g n e t ic  
la t i tu d e  and  th e  la t i tu d e  in d ic a te d  by the  p a la e o g e o g ra p h y  of the  
f o r m a t i o n s  e x a m in e d  is  n o ted  and  d i s c u s s e d .  No e v id en ce  is  
found to in v a l id a te  the  p o s tu la te d  c o r r e la t io n .
In C h a p te r  XI the  m e th o d s  w hich  h av e  b e en  u sed  to d e te r m in e  
th e  m a g n i tu d e  of th e  s e c u l a r  v a r i a t io n  in th e  g e o m a g n e t ic  f ie ld  
f o r  f o r m e r  g e o lo g ic a l  p e r io d s  a r e  r e v ie w e d ,  and  the  a p p l ic a t io n  
of the  u s e  of th e  ad v an c e  of an  e q u i t e m p e r a tu r e  (b lock ing  
t e m p e r a t u r e  of m a g n e t i te )  s u r f a c e  th ro u g h  a coo ling  igneous body
to  r e c o r d  the  s e c u l a r  v a r ia t io n  ( J a e g e r  and  G r e e n  ( 1956)) is  
e x a m in e d .  E s t im a te s  of the  s e c u l a r  v a r i a t io n  fo r  th e  K a inozo ic  
and  D evon ian , b a se d  on the  m a g n i tu d e  of b e tw e e n - s i t e  p r e c i s io n  
(W atso n  and I rv in g  (19 57)) a r e  g iven .
In C h a p te r  XII a d i s c u s s io n  of two p r a c t i c a l  a p p l ic a t io n s  
of r o c k  m a g n e t i s m  is  g iven: (1) " p a l a e o m a g n e t i s m  and m a g n e t ic
p r o s p e c t in g " ,  (2) " the  u s e  of m a g n e t ic  m e a s u r e m e n t s  fo r  th e  
s tu d y  of the  s t r u c t u r e  of ta lu s  s lo p e s " .
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C H A P T E R  II
TECHN IQU E O F M EA SU R E M E N T  
(M. K. S. u n i ts  h av e  b e e n  u s e d  in th is  C h ap te r)
P a r t  1 In s t ru m e n ta l  T h e o ry
2, 1 T h e  A s ta t i c  M a g n e to m e te r .  T he  m o s t  a t t r a c t i v e  f e a tu r e s
of an  a s t a t i c  m a g n e to m e te r  a r e  i t s  r e l i a b i l i t y  and  s e n s i t iv i ty .
B la c k e t t  ( 1952) u t i l iz e d  th e s e  c a r d in a l  v i r t u e s  of th e  a s t a t i c
m a g n e t o m e te r  and  by co m b in in g  w ith  th e m  the  te c h n ic a l  e x c e l le n c e
of m o d e r n  m a t e r i a l s ,  he  w as ab le  to c o n s t r u c t  a  m a g n e to m e te r
“6 — 2c a p a b le  of d e te c t in g  a m a g n e t ic  f ie ld  a s  low a s  10 w e b e r  m  
( i ,  e. 10“ 10 g a u s s ) .  T h is  i n s t r u m e n t  h a s  s e r v e d  a s  a p ro to ty p e  
f o r  a s t a t i c  m a g n e to m e te r s  a d a p te d  f o r  th e  m e a s u r e m e n t  of the  
m a g n e t iz a t io n  of s e d im e n ta r y  r o c k s  (C o ll in s  on erUjah (1957)) .
T h e  A. N. U. m a g n e to m e te r ,  w hich  h a s  b e en  d e s ig n e d  and con 
s t r u c t e d  by M r. E . I rv in g , M r. W. B a rn e fe ld  and  the  a u th o r  
u n d e r  th e  s u p e r v is io n  of M r, E . I rv in g  is  a l s o  a d ap ted  f r o m  
B la c k e t t ' s  in s t r u m e n t ,  and  in c o r p o r a t e s  so m e  im p r o v e m e n ts  
in t r o d u c e d  by C o ll in so n  e t. a l .  (1957).
2 .2  G e n e r a l  T h e o ry  of the  D e s ig n . T he  a s t a t i c  m a g n e to m e te r  
i s  a  m a g n e t ic  g r a d io m e te r .  In a r r a n g i n g  the  m a g n e t ic  s y s te m  it 
i s  d e s i r e d  to  s e t  two p a r a l l e l ,  h o r i z o n ta l  and  o p p o s i te ly  p o la r i z e d  
m a g n e t s  of eq u a l  m o m e n t  to be r ig id ly  c o n n ec ted  a t  a  d is ta n c e  L 
a p a r t ,  and  to  su sp e n d  with a fine  t o r s i o n  s u sp e n s io n ,  th e  whole 
s y s t e m  in a  m a g n e t ic a l ly  f ie ld  f r e e  r e g io n .  T he  lo w e r  m a g n e t
P la te  II - 1. T h is  show s a  g e n e r a l  v iew  of th e  in s tru m e n t .
T he la r g e  c o ils  (2 m e tr e  d ia m e te r )  a r e  p ro m in e n t. T he 
d e te c to r  is  m o u n ted  on th r e e  le g s  an d  d i r e c t ly  below  i t  is  a 
ro c k  d is k  m o u n ted  on a  p is to n  fo r  r a i s in g  an d  lo w e rin g  th e  d isk . 
In th e  lo w e r  le f t  hand  c o rn e r ,  th e  s t r in g s  w hich  c o n tro l th e  
d is ta n c e  of th e  sp e c im e n  w hen r a i s e d ,  an d  th e  ro d  w hich  
c o n tro ls  th e  e a s t - w e s t  t r a v e r s e  a r e  to  be  s e e n .
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P la te  II - 2 . T h is  i s  a  c lo se  up of th e  d e te c tin g  s y s te m  of th e  
m a g n e to m e te r
be ing  s u sp e n d e d  in  a  c y l in d r ic a l  c o p p e r  pot in o r d e r  to p ro v id e
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e le c t r o m a g n e t i c  d a m p in g . The s u s p e n s io n  is  to be c o l l in e a r  
w ith  the  m in im u m  in e r t i a l  a x is  of the  su sp e n d e d  s y s te m  to  p r e s e r v e  
d y n am ic  b a la n c e .  In p r a c t i c e  su ch  p e r fe c t io n  is  n e v e r  qu ite  
r e a l i z e d .  T he  m a g n e ts  a r e  u su a l ly  s l ig h t ly  u n eq u a l  in m o m e n t  
and  not p e r f e c t ly  l in e d  up w ith  o p p o s i te  p o la r i ty .  F u r t h e r m o r e ,  
d i f f ic u l t ie s  a r i s e  in p ro v id in g  a f i e ld - f r e e  r e g io n  and  a s m a l l  
f in i te  f ie ld  A B Q m a y  a c t  in e x c e s s  on one m a g n e t  of the  a s t a t i c  
p a i r ,  P la t e  1 sh o w s  the  g e n e r a l  a p p e a r a n c e  of the  i n s t r u m e n t  
and  P la te  2 is  a  c lo s e - u p  of the  d e t e c to r  s y s te m  a s s e m b ly  w hich  
h o u s e s  the  a s t a t i c  m a g n e t s ,  B e c a u se  of the  in h e re n t  im p e r f e c t io n s  
in t h e i r  c o n s t r u c t io n  t h e r e  a r e  two d i s tu r b in g  c o u p les  a c t in g  on the  
a s t a t i c  m a g n e ts  in a d d it io n  to  the  to r s io n a l  c o n tro l  of the  f ib r e .  
F i r s t l y ,  b e c a u s e  of th e  la c k  of a s t a t i c i s m  in the  m a g n e t  s y s te m  
t h e r e  is  the  coup le , a h i  x  B w h e re  A m  is  the  v e c to r  su m  of the  
two a s t a t i c  m a g n e t s  and  B the  u n ifo rm  m a g n e t ic  f ie ld  r e m a in in g  
w hen the  c o m p e n s a t in g  c o i ls  a r e  sw i tch e d  on (B m ay  be of the  
o r d e r  of 50 g a m m a  (50 x 10”® M. K. S . ) ). S econdly , th e  f in i te  
d im e n s io n s  an d  s l ig h t  i n a c c u r a c i e s  in the  c o i ls  r e s u l t  in a  n o n -  
u n ifo rm  c o m p e n s a t in g  f ie ld  and  if  A B C is  the  d i f f e r e n c e  in  f ie ld s  
a c t in g  on th e  two m a g n e ts  w hose  m o m e n ts  a r e  m , a  couple  
m  x A B C r e s u l t s .
B e c a u se  th e  m a g n e t  s y s te m  is  c o n s t r a in e d  by the  su sp e n s io n  
to  tu r n  abou t the  a x is  of the  s u sp e n s io n  it i s  only  th e  r e s o lv e d  
c o m p o n en ts  of th e  two d is tu rb in g  c o u p le s  w hich  n e ed  be c o n s id e r e d .
In w hich  c a s e ,  th e  e f fe c t iv e  coup le  due  to th e  la c k  of a s t a t i c i s m
>
is  g iven  by w h e re  i s  the  h o r iz o n ta l
com p o n en t of B, and fi> is  the  an g le  b e tw een  the  d i r e c t io n  of A m  
and B^, and  the  e ffe c t iv e  couple  due to th e  n o n -u n i fo rm  c o m p e n ­
sa t in g  f ie ld , is  g iven  by ^  ^ . A B h
w h e re  A B ^  is  th e  h o r iz o n ta l  c o m p o n en t of A B c and  ß  i s  the  
an g le  b e tw een  th e  d i r e c t io n  of m  an d  A
T h e s e  two d i s t u r b i n g  co u p le s  a f fe c t  the  r e s t  p o s i t io n  of 
the  m a g n e t  s y s te m .  T he  r e s t  p o s i t io n  is  g iven  by the  cond ition , 
die* -e (£>h A T ft (?r\. A b ^  £ -  O (1)
w h e re  QC is  the  an g le  be tw een  the  r e s t  p o s i t io n  and  the  d i r e c t io n  
of the  u n tw is te d  to r s io n  f ib re ;  ^  , th e  t o r s io n  c o n s ta n t  of th e  f ib r e ,  
and  the  o th e r  t e r m s  in (1) a s  d e f in ed  p re v io u s ly .
If a f ie ld ,  By a c t s  a t r ig h t  a n g le s  to, and e x c lu s iv e ly  on 
th e  lo w e r  m a g n e t  of the  a s t a t i c  p a i r  and  a s  a  r e s u l t  the  s y s te m  
is  tu rn e d  th ro u g h  an  ang le , 6  ( &  <  */iooo ra<BahJ
the  e q u i l ib r iu m  po in t is  g iven  by,
-t(yr\. aB ^  = o (2)
E xpand ing  (2) and  s u b t r a c t in g  (1) f r o m  (2) we have  
[V + ( b h Amo) cop J3 f  (yr\ . A b K)  coo 6  + i m . = O
th a t  is
[ V *  AT^ )  + ~ ~  (3)
H ence , f r o m  (3) the  tw is t ,  G is  p r o p o r t io n a l  to  the  
in te n s i ty  of th e  m a g n e t ic  f ie ld  a t  r ig h t  a n g le s  to th e  lo w e r  m a g n e t .
2. 3 D e f le c t io n s  g iven  by a D ip o le  C o n s id e r  a d ipo le  a 
d is ta n c e  z below the  lo w e r  m a g n e t  and  a d is ta n c e  y p e rp e n d ic u la r  
to  the  lo w e r  m a g n e t .  L e t  m  be th e  m o m e n t  of th e  d ipo le  and le t  
i t s  o r ie n ta t io n  be  a r b i t a r y .  A s  show n by S t r a t to n  (1941) on p. 236 
th e  m a g n e t ic  f ie ld  Bm  a c t in g  on the  lo w e r  m a g n e t  i s  g iven  by eq (4).
-  ^ 5 , .  v ( ^ ) J  (4)
w h e re  R is  the  v e c to r  f r o m  th e  d ipo le  to th e  m a g n e t
a n d  B  = ( y ^ z . 2)''*
H o w ev e r ,  we a r e  i n t e r e s t e d  in the  h o r iz o n ta l  f ie ld , a t  r ig h t  
a n g le s  to th e  lo w e r  m a g n e t  w hich  is  g iven  by J  w h e re  j
i s  a un it  v e c to r  p e r p e n d ic u la r  to the  p lane  of th e  a s t a t i c  p a i r  of 
m a g n e t s  (i.  e. in th e  d i r e c t io n  "y" ) .  T hus  f r o m  (4) we obta in ,
Ba = \_m- v (_ r) ] j
' f t  - j i-}
3 ^  B2-  *e) -  ■»rb'V
H "  t  T>S K3 J
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( 5)
(6)
w h e re
is  th e  h o r iz o n ta l  co m p o n en t of the  d ipo le  m 
p e r p e n d ic u la r  to th e  lo w e r  m ag n e t ,  
and  m  , th e  v e r t i c a l  com p o n en t of the  d ipo le  m .
A s  i s  shown by (6), the  h o r iz o n ta l  c o m p o n e n t ,  m  p a r a l l e l  to  the  
a s t a t i c  m a g n e t s  d o e s  no t c o n tr ib u te  to th e  f ie ld  p e r p e n d ic u la r  to 
th e  lo w e r  m a g n e t .  We m a y  r e w r i t e  (6) in th e  fo r m
6  » \ 'Tüa O y - * * )  -  2.
a  l  -ft5 — J
( ? )
, 46
T he c o r r e s p o n d in g  f ie ld , By a c t in g  on th e  u p p e r  m a g n e t  i s  g iven  by,
o ' a a -  f  3 t<% a (z.U-J )
w h e re  L  is  th e  sp a c in g  b e tw een  the  m a g n e ts  of the  a s t a t i c  s y s te m .  
P r o v id e d  L  > ~Z~ &  _y , the  in eq u a l i ty
%  ?  B y  (9)
w ill  ho ld , th u s  show ing  th a t  an  a p p r o p r ia t e ly  p la c e d  d ipo le  
a p p r e c ia b ly  a f f e c t s  only  th e  lo w e r  m a g n e t .
T h e  c o m p o n en t  m ^  of the  d ipo le  can  be  e x p r e s s e d  in the
fo r m
- annh cos
w h e re ,  i s  the  to ta l  h o r iz o n ta l  co m p o n en t and  an ang le
(10)
m e a s u r e d ,  in a  c lo c k w ise  d i r e c t io n  f r o m  above, f r o m  the  y 
d i r e c t io n .  In w hich  c a s e ,  r o ta t io n  of the  d ip o le  about a  v e r t i c a l  
a x is  w ill  c a u se  By to  v a r y  s in u so id u a l ly  w ith  an  a m p l i tu d e  of
fff™- ( 2 ^ - ^ )  
R s
and abou t a  m e an  va lu e  — >£* z.
If is  th e  s e n s i t i v i t y  of the  i n s t r u m e n t  de fined  a s  the  
tw is t ,  0  of the  d e te c t in g  s y s te m  p e r  un it  f ie ld  p e r p e n d ic u la r  to 
th e  lo w e r  m a g n e t  a n d  a  5 - m e t r e  r e f l e c te d  l ig h t  b e a m  is  u sed  to 
m e a s u r e  the  tw is t  0  , a  d ipo le  of m o m e n t ,  m  w hen ro ta te d  w ill 
g ive  a  d i s p la c e m e n t  of the  l ig h t  spo t, su ch  th a t  =-IO £> ß
S u b s t i tu t in g  f o r  By f r o m  (7) and  u s in g  (10) we have
A  * to 1 Hn
oei> D ( 11)
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If the  d ip o le  is  ro ta t e d  th ro u g h  a f u r t h e r  r ig h t  an g le  g iv ing  a 
/
d e f le c t io n  , we have
-  ioJ ,  ^
5-
It fo llow s f r o m  (11) and  (12) th a t
d d  -  C 'h<U  < 0
<^b \> _
and  th e r e f o r e
-  JX O j L c kcxrrx
( 12 )
(13)
(14)
w hich  g iv e s  th e  a z im u th  of the  d i r e c t io n  of the  m a x im u m  h o r iz o n ta l
c o m p o n en t of m a g n e t iz a t io n .
T he  m a x im u m  d e f lec t io n ,  A g iven  by the  d ipo le , m,m a x  n
is  o b ta in ed  f ro m  (11) and  (12),
A .
A, 2.
A f  i- A  * (15)
L e t  be  the  m e a n  v a lu e  of the  d e f le c t io n  when the d ipo le ,
m  is  ro ta t e d .  F r o m  (7) and  (15) we have
A ,  = —  l°JS> 3r r l
/ f T l * a *
and
' ' W  -  .o « ,  +y n ,
and  by the  d iv is io n  of (16) by (17) we have , 
_ _ m*. 3
(16)
(17)
A
But "th/ya I
(18)
(19)
w h e re  I is  the  in c l in a t io n ,  the  a n g le  b e tw een  the  to ta l  com ponen t 
and  h o r iz o n ta l  c o m p o n en t of the  d ip o le .
In w hich  c a s e
I  ^ cuuoWc ^
L 3 ^ 2 -  J
( 20 )
If , (20) s im p l i f ie s  to 48
V -  oJx,cfcbuY\. ü 
'm  L  A
( 21 )
w hich  g iv e s  the  in c l in a t io n  of the  d ipo le , m  m e a s u r e d  f r o m  the  
h o r iz o n ta l .
T h e  o r ie n ta t io n  in s p a c e  of the  d ip o le  is  c o m p le te ly  sp e c if ie d  
by  and  I , i. e . by (14) and (21).
T he  to ta l  m o m e n t  of the  d ipo le , m  is  o b ta in ed  f ro m  (17) 
and  (21), s in c e
V
If  a  v e r t i c a l  m a g n e t ic  f ie ld , B t r  is  ap p lied  i t  w ill have  
no tu rn in g  m o m e n t  on the  a s t a t i c  m a g n e ts ,  bu t if y .  is  the  
s u s c e p t ib i l i ty  of th e  m a t e r i a l  of th e  d ipo le , a  v e r t i c a l  d ipo le  of 
m o m e n t ,  m^ w ill  be in duced . We h av e  a c c o rd in g  to  S tra t to n
L e t  be the  m e a n  v a lu e  of the  d e f le c t io n  of the  l ig h t - s p o t
when th e  d ipo le  is  r o ta t e d  abou t a v e r t i c a l  a x is  in the  f ie ld  .
F r o m  (16)
ce.s I
( 22 )
c^-y)
If z. ^  y  , the  in te n s i ty  of m a g n e t iz a t io n ,  M
(23)
(i.  e. d ip o le  m o m e n t /u n i t  vo lum e, V) is  g iven  by,
M  ® A z? (24)
(1941),
-  k B . V (25)
C0
( 26 )
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U sing  (16) to e l im in a te  we havez
7 . 4£M ( A cL ~ A ±  3 
I O %
(27)
3 b , V ^
and h en ce ,  f r o m  (27) th e  s u s c e p t ib i l i ty  can be d e te r m in e d .
2. 4 T h e  A c c u r a c y  of M e a s u r e m e n t  of D e c l in a t io n  D and
In c l in a t io n  I w ith  the  S e d im e n ta ry  M a g n e to m e te r .  
The  d e c l in a t io n ,  D m  is  g iven  by (14), viz :
— CtTL/ot'<XVL ( JAsk
4+
It fo llow s th a t
. A . .  A lit ~  Ad A '‘V
(28)
~  t +  ( ' V u f  ^
'  Aj, a Aa -  A^ a Aj,
7T2! " '
y '
w h e re  A D is  the  e r r o r  m a d e  in th e  m e a s u r e m e n t  of Dm  m
and  A  A^, the  e r r o r  m a d e  in the  m e a s u r e m e n t  of .
T he  e r r o r  m a d e  in r e a d in g  th e  d e f le c t io n s ,  A A ^ and  A A ^  
is  abou t 1 m . m .
F r o m  (28) i t  can  be s e e n  th a t  the  m o s t  a c c u r a t e  m e a s u r e  of
/
d e c l in a t io n  is  o b ta in ed  f r o m  A^ = A ^  and  the  l e a s t  a c c u r a t e
/
v a lu e  is  o b ta in ed  w hen e i t h e r  A ^ o r  A ^ e q u a ls  z e r o ,  in w hich c a s e
A£>^ * A  A j, (29)
A*
Since  A A ^ is  c o n s ta n t  the  e r r o r  in d e c l in a t io n  is  in v e r s e ly  
p r o p o r t io n a l  to in te n s i ty .  If the  in te n s i ty  of the  h o r iz o n ta l  
c o m p o n en t is  a s  low a s  10 m i l l i a m p s / m e t r e  (i,  e. 10 e. m . u) 
and  A ^ eq u a ls  1 c m . the  e r r o r  in d e c l in a t io n  w ill  be a p p ro x im a te ly  
1 /10  r a d ia n .  T h is ,  of c o u r s e ,  is  an e x t r e m e  c a s e .
T he  in c l in a t io n  I is  g iven  by (21) viz : 50
It fo llow s th a t
A l
w h e re  A I
cvvcA vvt.
A.
[
3y  a 1'  ^ syv
T  ■
A ~ t y v \ o ^
-  1 (21)
A *  . 
Ä ?
<1 (30)
m  is  the  e r r o r  m a d e  in the  m e a s u r e m e n t  of I ,
T he  f a c to r  Z^— i s  g r e a t e r  th an  un ity .
T he  m o s t  a c c u r a t e  m e a s u r e m e n t  of in c l in a t io n  is  o b ta in ed  when
* A *  ( 3 i )
w hich  can  be o b ta in ed  by v a ry in g  "y"  s in c e  A is  not d ep en d an tm a x
on y ( s e e  (17), r e m e m b e r in g  ) w h e r e a s  is  l in e a r ly
d ep en d an t on "y"  ( s e e  (16)). T h u s  cond ition  (31) is  o b ta ined  when
a  -  '[3 CAt I w  (32)
z.
F r o m  (32) it  can  be  s e e n  tha t  the  i n s t r u m e n t  m e a s u r e s  low d ips  
w ith  l e s s  a c c u r a c y  th an  h igh  d ip s ,  and  in u n fa v o u ra b le  c a s e s  A  I 
m a y  be a s  l a r g e  a s  0 .2 ,  0 . 2 5  r a d i a n s  (i. e. e r r o r s  up to 10°).
In g e n e r a l ,  th e  in s t r u m e n t  m e a s u r e s  d e c l in a t io n  w ith  g r e a t e r  
a c c u r a c y  th a n  in c l in a t io n .
E x p e r im e n ta l ly  found V a lu e s .  A s e t  of r e a d in g s  o b ta in ed  fo r  
a z im u th s ,  D m  e ac h  d i f f e r in g  by 45°, and  fo r  e igh t d i s ta n c e s  
f r o m  the  m a g n e t  s y s te m ,  Z is  g iven  be low . T he a v e r a g e  d i s ­
p la c e m e n t  of the  m e a n  va lu e  of the  t r a c e ,  2A^ w hen the  d ipo le  
is  t r a v e r s e d  f r o m  "+y" to  " - y n ( s e e  ^  2. 3 (16) ) is  given,
to g e th e r  w ith  A  D and  A  I w hich  i s  the  d i f f e r e n c e  f r o m  the  m e a n  
v a lu e s  of d e c l in a t io n  and  in c l in a t io n  r e s p e c t iv e ly .  T he
d e c l i n a t io n  and  in c l ina t ion  h a s  b een  ob ta ined  f r o m  (14) and (21).
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a z i m u t h  d e f le c t io n s
in d e g r e e s ____________________ in m , m,____________________________A D -A  I
0 13 7 5 3 2 1 1
l
i 1. 3 0
45 167 121 87 65 51 38 30 24 0. 4 •
o
o1
\
90 221 160 117 87 67 51 41 32 0. 4 + 1. 5
135 144 103 77 58 45 33 27 21 -0 .  1 +3 .6
180 -9 -5 -6 -4 -4 -2 -2 -1 - 0 . 4 +2. 1
225 -155 -113 -84 -63 -49 -37 -29 -24 - 1 . 0 + o • CO
270 -226 -160 -117 -87 -67 -52 -42 -34 -0 .  7 +5. 5
305 -155 -113 -82 -61 -46 -35 -28 -23 -0.  3 -9 .  9
A d 82 47 35 26 17 11 10 4
T he  s t a n d a r d  dev ia t ion  fo r  d e c l in a t io n  i s  m u c h  s m a l l e r  than  
th e  e r r o r  in in c l in a t io n .  An  oval of conf idence  with in  which 95% of 
a l l  r o u t in e  m e a s u r e m e n t s  would l ie  h a s  a s e m i - a x i s  of 0. 7° and 
4. 3° fo r  d e c l i n a t io n  and inc l in a t io n  r e s p e c t i v e l y .
2 .5  R e q u i r e m e n t s  fo r  P a la e o m a g n e t i s m .  T he  p r in c ip a l 52
r e q u i r e m e n t s  f o r  a  m a g n e to m e te r  fo r  p a la e o m a g n e t ic  w o rk  w ith  
s e d im e n ts  a r e  fo u r  in n u m b e r  and  th e s e  w ill be l i s t e d  and  it 
w ill  be shown fo r  the  A. N. U. in s t r u m e n t  th a t  the  n u m e r ic a l  v a lu e s  
f o r  the  p a r a m e t e r s  invo lved  in eq s  (4) d e c l in a t io n ,  (2) in c l in a tio n ,
(24) in ten s i ty  of m a g n e t iz a t io n ,  (27) s u s c e p t ib i l i ty ,  a r e  su ch  th a t  
m a g n e t ic  p r o p e r t i e s  of r o c k  d isk s  can  be co n v en ien tly  and 
a c c u r a t e ly  found. The r e q u i r e m e n t s  a r e :
1) r a p id i ty  in  m e a s u r e m e n t  o b ta in e d  by hav ing  a s h o r t  p e r io d  
of f r e e  o s c i l l a t io n  of the  s y s te m  and th e  d am p in g  c r i t i c a l .
2) s e n s i t iv i ty  su f f ic ie n t  to be a b le  to m e a s u r e  a m a g n e t ic  
m o m e n t  of a  ro c k  d is k  (d is k s  35 m . m , d ia m  x 7 m . m. th ic k  have  
a lw ay s  b een  u s e d  f o r  s e d im e n ts )  w h o se  m a g n e t iz a t io n  m a y  be a s  
low a s  10 ^ a m p s / m e t r e  (10  ^ e . m . u ) .
3) th e  s e n s i t iv i ty  of th e  i n s t r u m e n t  to r e m a in  c o n s ta n t  d u r in g  
th e  m e a s u r e m e n t  of a  d is k  ( a p p r o x im a te ly  10 m in s)  so th a t  i t s  
d i r e c t io n  and  in te n s i ty  of m a g n e t iz a t io n  m a y  be  d e te r m in e d .
4) th e  m e a s u r e m e n t  of the  r e m a n e n t  m o m e n t  of a ro c k  d is k  is 
to be s e p a r a t e d  f r o m  any induced  m o m e n t .
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2, 6 P e r io d ,  T .
T = £H
w h e re
T he  p e r io d  of v ib ra t io n ,  T is  g iven  by
i x 't/a
r 4- +- t7” * J (33)
I is  the  m o m e n t  of i n e r t i a  of th e  m a g n e t  s y s te m ,
T  1- ( 3 w* A m ) p ( w A th e  r e s t o r i n g  
to rq u e  a s  d e fin ed  in 2. 2.
But bo th  th e  m o m e n t  of i n e r t i a ,  I and  th e  p e r io d ,  T a r e  invo lved  
in the  e x p r e s s io n  f o r  th e  s e n s i t iv i ty ,  ^  . F r o m  (3)
(34)e
A 1° t- (B h* A m J -l- (ym * A  B ^  
and e l im in a t in g  the  e x p r e s s io n  fo r  th e  r e s t o r i n g  to r q u e s  f r o m  
(3 3) and  (34) we have
V  I TifiT a * X (35)
F o r  r e q u i r e m e n t  1) S, 2. 5, we r e q u i r e  T to  be a s  s m a l l  as  
p o s s ib le  w h e r e a s  fo r  r e q u i r e m e n t  2) g  2. 5, we r e q u i r e  ^  
to be su f f ic ie n t ly  l a r g e .
A tw en ty  seco n d  p e r io d  h a s  been  a d o p ted  b e c a u s e  it g iv e s  a 
r e a s o n a b le  m e a s u r in g  r a t e  and  , a s  w ill  be shown, an  a d eq u a te  
s e n s i t iv i ty .  To o b ta in  th e  g r e a t e s t  s e n s i t iv i ty  fo r  a  g iven  p e r io d  
th e  r a t io  m / I  m u s t  be m a d e  a s  l a r g e  a s  p o s s ib le  (35). B la ck e t t  
( 1952) show ed th a t  the  r a t i o  is ,  a t  f i r s t ,  s low ly  i n c r e a s e d  by r e ­
duc ing  the  s iz e  of th e  m a g n e t  s y s t e m  bu t a  m a x im u m  is  r e a c h e d  
when the in e r t i a  of th e  s u p p o r t s  and  m i r r o r  a p p ro a c h e s  th a t  of
eac h  m ag n e t .
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2 .7  S e n s i t iv i ty , . The  v a lu e  of the  s e n s i t i v i t y , ^
a s  g iv en  in )35) is  d if f icu l t  to e v a lu a te  a c c u r a t e ly  and co n seq u en tly
B la c k e t t ' s  (1952) m e th o d  h a s  been  u sed . T h is  m e th o d  is  a s  fo llow s:
-
A s m a l l  coil, c a l le d  the s e n s i t iv i ty  co il  of m o m en t,  mj a m p ,  m e tre ^  
is  p la c e d  a t  a  d is ta n c e ,  dj v e r t i c a l l y  above  the  a s t a t i c  p a i r .
T he  d i s ta n c e ,  dj is  l a r g e  c o m p a r e d  to the  s e p a ra t io n ,  L of the  
m a g n e ts  (i. e. dj ^  L). T he  a x is  of th e  s e n s i t iv i ty  co il  is
p e r p e n d ic u l a r  to th e  p lan e  of th e  a s t a t i c  p a i r .  L e t  Aj be the  
d e f le c t io n  of the  l ig h t  spo t w hich  ( f ro m  (3) ) i s  p ro p o r t io n a l  to 
the  d i f f e r e n c e  in the  m a g n e t ic  f ie ld  a c t in g  on the  u p p e r  and lo w e r  
m a g n e t  of the  a s t a t i c  p a i r .  T h u s  f r o m  (7) (w ith  m o d if ica t io n s )  
we have
(36)A -  t o  % 3> L
J  Hli
i . e .  g,  = d L f C  ■ l ° e  
3 W j L
TÄciiÄin -a (37)we-loer Toaetre
A s a  p r a c t i c a l  p r o c e d u r e  two s e n s i t iv i ty  c o i ls  J f and  J 2 w e re
m o u n ted  on a r o ta t a b le  v e r t i c a l  sh a f t .  T he  d e ta i l s  of th e s e  c o ils  
a r e  found in T a b le  I. T he  v a lu e s  of s e n s i t iv i ty  found by us in g  
e ac h  co il  in tu r n  w as  1 /1 .  53 x 10^ and  1 /1 .  55 x 10^ r a d i a n / w e b e r /  
m e t r e ^ .  The a g r e e m e n t  is  e x c e l le n t .  U sing  the  5 m e t r e
O  O
r e f l e c te d  l igh t b e a m , 1 / 1 .5 4  x 10 r a d / w e b e r / m e t r e  is  eq u iv a len t
_  O
to 1. 54 x 10 g a u s s / m .  m . O ver a p e r io d  of two y e a r s  th is  
v a lu e  v a r i e d  by a few p e r  cen t and  th is  v a r ia t io n  w as a llow ed  fo r
in a l l  c a lc u la t io n s .
It is  shown in th e  n ex t  s e c t io n  th a t  the  above  s e n s i t iv i ty  
i s  a d e q u a te  fo r  th e  m e a s u r e m e n t  of th e  m a g n e t iz a t io n  of r o c k s .
2 .8  D e te r m in a t io n  of the  M in im u m  D e te c ta b le  M ag n e tiz a t io n .
C o n s id e r  a  r o c k  d is k  of s ta n d a r d  s iz e  in the  m e a s u r in g  p o s it io n  
( §  2 . 3 ) . T h e  f ie ld , By a c t in g  on the  lo w e r  m a g n e t  is
g iv en  by (7); v iz :
*f l l
( 7)
To d e te r m in e  the  m in im u m  v a lu e s  of c h an g es  in the  h o r iz o n ta l  
co m p o n en t ,  m y and  th e  v e r t i c a l  co m ponen t,  m z w hich a r e  
d e te c ta b le  we s u b s t i tu te  the  fo llow ing  n u m e r i c a l  v a lu e s :
— ip p
f o r  By, 1. 54 x 10 w e b e r / m e t r e  , i. e. the  f ie ld  n e c e s s a r y  to 
g ive  / m . m ,  d e f le c t io n  ( f ro m  ^  2 .7 ) .
f o r  y , 0 .2 4 6  cm . 
f o r  z , 3 .00  c. m .
- D 2 , 2 , r y 2  v 1/2f o r  R , (y + Z )
H en ce  m y is  found and  the  h o r iz o n ta l  c o m p o n en t of m a g n e t iz a t io n ,
Mv , is  o b ta in ed  by d e f in i t io n  f r o m  the  r e la t io n s h ip ,
M = ™ / v  (38)
w h e re  V is  the  v o lu m e  (a p p ro x  8 c. c . ) of the  d isk .
_ 5 -8
My is  th u s  5 x 10 a m p / m e t r e  w hich  is  e q u iv a le n t  to 5 x 10 e . m . u .
T he  v e r t i c a l  co m p o n en t i s  u s u a l ly  o b ta in ed  by t r a v e r s i n g
th e  d is k  f r o m  "+y" to " - y " ,  in w hich  c a s e  the  m in im u m  d e te c ta b le
c h an g e  in the  v e r t i c a l  co m p o n en t of m a g n e t iza t io n ,  Mz is
57-4 _  r ya m p / m e t r e  ( i .  e. 10 1 e . m . u . )
B e c a u s e  5 x 10 a m p / m  and  10 a m p / m  a r e  the  d e te c ta b le  
c h a n g e s  in h o r iz o n ta l  and v e r t i c a l  m a g n e t iz a t io n s  r e s p e c t iv e ly ,  
a m a g n e t iz a t io n  of 10" 3 a m p / m  (i.  e . 10  ^ e . m . u )  can  be m e a s u r e d  
fo r  d e c l in a t io n  and  in c l in a t io n  w ith  a n  a c c u r a c y  of b e t t e r  than  10°. 
T h is  s a t i s f i e d  r e q u i r e m e n t  2) in ^  2. 5.
2. 9 C o n d it ip § 5  fo r  a
----------------- *
__  ... -,y. T he  th i r d  r e q u i r e -
m e n t  l i s t e d  in 2. 5 is  th a t  the  s e n s i t iv i ty  m u s t  not v a r y  d u r in g  
th e  m e a s u r e m e n t  of a  d is k  (a p p ro x .  10 m in s ) .  T h is  is  b e c a u s e  
a s  show n in (16) and  (17) v a r i a t io n s  in s e n s i t iv i ty ,  ^  would 
r e s u l t  in i n c o r r e c t  d e te r m in a t io n s  of d e c l in a t io n ,  in c l in a t io n ,  
in ten s i ty  and  s u s c e p t ib i l i ty .
T he  s e n s i t iv i ty ,  i s  g iven  by (3), v iz :
( 3)
T he m a g n e t ic  f ie ld , is  l ia b le  to v a ry  owing to the  d iu rn a l  
v a r ia t io n ,  in which c a s e  (3) show s th a t  the  s e n s i t iv i ty  would change . 
H o w ev e r ,  the  change  in s e n s i t iv i ty  can  be kep t s m a l l  if  the  c o n tro l  
of the  s u sp e n s io n  is  p r in c ip a l ly  by m e a n s  of the  t o r s io n  f ib re .
T h u s  it is  n e c e s s a r y  to a c h ie v e  a  h igh  d e g r e e  of a s t a t i c i s m ,  S 
w hich  i s  defined  by (39).
5  - Arvo (39) (d im en s io n le ss )
rc\
an d  a l s o  A B ^  m u s t  be kep t s m a l l .
A s t a t i c i s m .  B la c k e t t ' s  (1952) m e th o d  of c o m p a r in g  the  d e f lec t io n
of the  l ig h t  spo t, A by a known u n i fo rm  f ie ld  B , to thec y
d e f le c t io n ,  Aj p ro d u c e d  by a f ie ld  g ra d ie n t  giving a  d i f f e re n c e , 58
A b e tw een  the  two a s t a t i c  m a g n e ts  h a s  been  u s e d .  In w hich  
c a s e
The P r o c e d u r e  fo r  o b ta in in g  a H igh D e g re e  of A s t a t i c i s m .
T h e  m a g n e t s  in the  d e t e c to r  s y s te m  w e re  s e le c t iv e ly  c h o sen  fo r  
t h e i r  s i m i l a r i t y  in sh ap e  and w eigh t.  A f te r  which, the  m a g n e ts  
w e r e  m a g n e t iz e d  in a  f ie ld  of 20, 000 g a u s s  and  th en  a r t i f i c i a l ly  
ag ed  by a s m a l l  a l t e r n a t in g  f ie ld .  To a c h ie v e  a h igh  d e g re e  of 
a n t i p a r a l l e l i s m  of the  m a g n e ts  of the  a s t a t i c  p a i r  the  fo llow ing 
s t e p s  w e re  t a k e n : -
1) A s m a l l  m i r r o r  w as a t ta c h e d  to e a c h  m a g n e t  so  a s
to  r e f l e c t  a  l ig h t  spo t f r o m  each  on to a s c a le  t h r e e  m e t r e s  aw ay .
2) T he  lo w e r  m a g n e t  w as r o ta t e d  in the  s c r e w  so ck e t  
(F ig .  3) u n ti l  the  p e r io d  of v ib ra t io n  of the  d e te c t in g  s y s te m  in 
a  u n i fo rm  f ie ld  w as  a m a x im u m . T he  ad v an ta g e  of the  s m a l l  
m i r r o r s  is  th a t  d u r in g  a d ju s tm e n t s  fo r  the  m a x im u m , any  s e t t in g  
i s  a lw ay s  r e p r o d u c e a b le .
(40)
In th is  p r e l i m i n a r y  s ta g e  of a s t a t i c iz a t i o n ,
s (41)
w h e re  T -  is  the  p e r io d  w ith  the  m a g n e ts  a n t ip a r a l l e l ,
T+ is  th e  p e r io d  w ith  the  m a g n e t s  p a r a l l e l  and  Sj, ,the  
p r e l i m i n a r y  v a lu e  of a s t a t i c i s m .  T he  n ex t  s ta g e  i s  to t e s t  w hich
59
m a g n e t  of the  a s t a t i c  p a i r  i s  the  s t r o n g e r .  T h is  is  d e te r m in e d  
by th e  d i r e c t io n  of tw is t  of th e  s y s te m  in a  u n ifo rm  m a g n e t ic  f ie ld  
of known d i re c t io n .  The m is b a la n c e  of the  m a g n e ts  is  re m o v e d  by 
t r i m m in g  m a g n e ts  (B la c k e t t  (1952) ).
T r im m in g  M ag n e ts .  Two cu b es  of f e r r o x d u r e ,  e ach  w ith  
a s id e  of 1 m . m . w e re  m o u n ted  m u tu a l ly  p e r p e n d ic u la r ,  and 
p e r p e n d ic u la r  to th e  s te m  of the  d e te c t in g  s y s te m  (F ig .  3). It 
w a s  so  a r r a n g e d  th a t  it  w as  p o s s ib le  to tu r n  th e  n o r th  pole  (m a rk e d  
w ith  a  r e d  spot) of e ac h  t r i m m in g  m a g n e t  f r o m  a v e r t i c a l  to a 
h o r iz o n ta l  p o s i t io n .  E v e r y  s e t t in g  of th e  t r i m m in g  m a g n e t  w as  
r e p r o d u c e a b le  by u t i l iz in g  a t u r n e r  ( i ,  e. a  v e ry  d e l ic a te  s c r e w  
d r iv e r )  w ith  a p o i n t e r  m o v in g  o v e r  a  g ra d u a te d  s c a le .  T he  two 
t r i m m in g  m a g n e ts  m a k e  i t  p o s s ib le  to  c o r r e c t  fo r  m i s - m a t c h  
of b o th  m a g n itu d e  and d i r e c t io n  in th e  m a g n e ts  of the  a s t a t i c  p a i r .
It i s  im p o r ta n t  to k eep  the  s iz e  of the  t r im m in g  m a g n e ts  
a s  s m a l l  a s  p o s s ib le  so a s  to  k eep  the  i n c r e a s e  in  the  m o m e n t  of 
i n e r t i a  of the  s y s te m  a s  s m a l l  a s  p o s s ib le  th e r e b y  m a in ta in in g  
th e  s e n s i t iv i ty  of th e  i n s t r u m e n t  (cf.( 35) ). A seco n d  r e a s o n  is  
to m a in ta in  in c o l l in a r i ty  th e  f ib r e  s u sp e n s io n  and  the  a x is  of 
m in im u m  m o m e n t  of in e r t i a ,  o th e rw is e  the  d e te c to r ,  when it 
m o v e s ,  w ill  p a r t a k e  of an  i r r e g u l a r  m o tio n  th e r e b y  g iv ing  a 
" s h u d d e r "  to the  r e f l e c t e d  l ig h t - s p o t .
V a r ia t io n  in A s t a t i c i s m .  A v a lu e  of 10, 000 could  be 
o b ta in ed  fo r  the  a s t a t i c i s m  but cou ld  no t be  h e ld . P r e s u m a b ly ,
60
th e  v a r i a t io n  of m a g n e t iz a t io n  with t e m p e r a t u r e  is  d i f f e r e n t  in 
e a c h  of the  fo u r  m a g n e t s .  An a s t a t i c i s m  of 3, 000 was found to 
be  s a t i s f a c to r y ,  and  could be h e ld  o v e r  a p e r io d  of y e a r s .
C oil S y s te m s .  F r o m  (34) it  can  be s ee n  th a t  the  seco n d  
r e q u i r e m e n t  fo r  th e  co n s ta n c y  of the  s e n s i t iv i ty  ^  , is  th a t
_A B c m u s t  be s m a l l .  The H e lm h o l tz -G a u g a in  s y s te m ,  w hich 
c o n s i s t s  of two co ax ia l  c i r c u l a r  c o i ls  s e p a r a t e d  by a d is ta n c e  
eq u a l  to  t h e i r  r a d iu s  R, is  u s e d  to p ro v id e  m a g n e t ic  f ie ld s  of a 
h ig h  d e g r e e  of h o m o g e n e i ty .  N agaoka  (1921) h a s  c a lc u la te d  the  
a x ia l  Ba and  t r a n s v e r s e  c o m p o n en ts ,  B^ of the  f ie ld .
-  8 - 9 3 7 1 6 . 
R
18 f&z*-a4-z? R2f 3 R i -
las R*  ^ ;
0-576
(42)
(43)
T h e r e f o r e ,  a t  the  c e n t r e  of the  co il  s y s te m  t h e r e  is  a re g io n  
g iven  by
(44)
Z = + 0. H R  )
r  + 0 .  14R )
5
in w h ich  the  m a g n e t ic  f ie ld  is  u n ifo rm  to 1 p a r t  in 10 .
F a n s e l a u  (1929, 1933) show ed  th a t  a  s y m m e t r i c a l  a r r a n g e m e n t  
of fo u r  c o i ls  w ill  g ive  a  f ie ld  in w h ich  in h o m o g e n e i t ie s  depend  
upon th e  in v e r s e  e igh th  p o w e r  of R, c o m p a r e d  w ith  the  fo u r th  
p o w e r  fo r  the  H e lm h o l tz -G a u g a in  s y s te m .  B a r k e r  (1949) h a s  
d i s c u s s e d  th e  p ro d u c t io n  of u n i fo rm  f ie ld s  with m u l t ic o i l  s y s t e m s .  
T he  d im e n s io n s  of the  c o ils  u sed  in the A. N. U., m a g n e to m e te r  a r e
g iven  in T ab le  3.
The r a d i i  o f  the th re e  se ts  o f c o ils  a re  o f the  e q u iv a le n t o f one 
m e tre  and the  v o lu m e  o f 10 c m s . x  10 c m s , x  10 cm s o ccup ied  by the 
d e te c to r  s y s te m  and the  ro c k  d is k  b e in g  m e a s u re d  is  such, th a t any 
in h o m o g e n e ity  in  th e  f ie ld  in  th is  v o lu m e  w ou ld  c e r ta in ly  be le s s  than 
one gam m a.
C o m p a ris o n  o f the R e s to r in g  T o rq u e s . F o rm  (3) the to rq u e  is
g iv e n  as 2 .2 5  x  10 ^  n e w to n -m e tre  w h ic h  m a y  be co m p a re d  w ith  the
ra d ia n
m a g n itu d e  o f the  o th e r  tw o com ponen ts  o f the  r e s t r a in in g  to rq u e  o f the 
d e te c t in g  s y s te m s .
1) T o rq u e  a r is in g  f ro m  the  la c k  o f a s ta t ic is m , ß . ATH
The s e c u la r  and d u irn a l v a r ia t io n  o f the  g e o m a g n e tic  f ie ld  can le a d  to
- 9 _ 2
an e r r o r  up to  t h i r t y  gam m as (30 x  10 w e b e r -m e tre  ) in  co m p e n sa tio n
o f the  g e o m a g n e tic  f ie ld ,  B and fo r  an a s ta t ic is m  o f 3, 000 w ith  m agne ts
- 3 2
o f m o m e n t 15 x  10 am p. m ‘" , the to rq u e  is
= 15 x  10~3 . 30 X 1 0 '9
3000
= 0 .0 0 1 5  x 10 n e w to n -m e tre
ra d ia n
2) T o rq u e  a r is in g  f ro m  in h o m o g e n e it ie s  in  the co m p e n sa tin g  f ie ld ,
m. AB^
- 3 -9
= 15. 10 1. x  10
-10= 0. 15 x  10 n e w to n -m e tre
ra d ia n
Thus the  c o n t ro l o f the d e te c t in g  s y s te m  is  by the  to rs io n
f ib r e  and no t by  m a g n e tic  to rq u e . T h is  a s s u re s  the  co n s ta n cy  o f
62the  v a lu e  of the  s e n s i t iv i ty  and  th u s  s a t i s f i e s  the  th i r d  r e q u i r e ­
m e n t  f o r  a m a g n e to m e te r  w hich  is  be ing  u s e d  fo r  p a la e o m a g n e t i s m .
2. 10 T he  Induced  M ag n e tiza t io n ,  M,-_ . T h e  fo u r th  r e q u i r e m e n t  
is  th a t  the  p e r m a n e n t  m a g n e t ic  m o m e n t  of a  d is k  m u s t  no t be 
co n fu sed  with th e  in d u ced  m o m e n t .  T he  induced  m o m e n t ,  w h e re  
“X i s  th e  s u s c e p t ib i l i ty  of the  d isk , m a y  a r i s e  f r o m  two s o u r c e s :
1) In c o m p le te  c o m p e n s a t io n  of the  g e o m a g n e t ic  f ie ld ,  B 
g iv ing  to the  d is k  an  in d u ced  in te n s i ty  of m a g n e t iz a t io n  eq u a l  to
X  B
2) An in te n s i ty  ind u ced  in the  d is k  by the  f ie ld  of the  
lo w e r  m a g n e t  w hich  i s  eq u a l  to X  —~
If the  in te n s i ty  in d u ced  is  l e s s  than  the  v a lu e  of th e  m in im u m  
d e te c ta b le  in te n s i ty  ( §  2 . 8 ). the  ind u ced  m ag n e t iz a t io n  w ill  be
of no q u a n t i ta t iv e  s ig n i f ic a n c e .
We r e q u i r e  th a t  th e  in d u ced  m a g n e t iz a t io n  be l e s s  th an  the  
m in im u m  d e te c ta b le  m a g n e t iz a t io n .  i. e. F o r  C a se  1,
X 8 < i c f 4 " (45)
o  1
F o r  the  in e q u a l i ty  (45) to ho ld  the  m a x im u m  v a lu e  fo rX i-S  
4 tT . 10”  ^ a m p / m .  (= 10"^ e . m . u ) .
If the  r o c k  d is k  i s  of u n i fo rm  m a t e r i a l  (5) show s th a t  th e
?
m o m e n t  induced  in th e  d i s k  by the  lo w e r  m a g n e t  w ill  be p a r a l l e l  to
the  lo w e r  m a g n e t  and f u r t h e r m o r e ,  a s  shown by (6), the  m a g n e t ic
fie ld  a r i s i n g  f r o m  the  in d u ced  m o m e n t  w ill  no t a f f e c t  th e  m a g n e t  
s y s te m .
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If the  r o c k  d is k  is  n o n -u n i fo rm ,  it  e. the  induced  m o m e n t  
i s  not p a r a l l e l  to the  ap p lied  f ie ld , the  p r e c i s e  e ffec t  w ill  depend  
upon  th e  m a n n e r  in which the  s u s c e p t ib i l i ty  v a r i e s  in the  d isk .
T h is  v a r i a t io n  is  unknown and the  only sa fe  m e th o d  is  to keep  
th e  d is k  a t  su ch  a d is ta n c e  th a t  th e  m o m e n t  ind u ced  is  l e s s  than  
th e  m in im u m  d e te c ta b le  v a lu e  of the  m a g n e t iz a t io n .  i. e. F o r  C a se
2 -
*x x ™/ffi
m <  i o (46)
F o r  the  in e q u a l i ty  (46) to hold  the  m a x im u m  va lu e  fo r  Is
4 IT . 10 ® a m p / m  ( = 1/6 10  ^ c . m .  u). T h is  show s th a t  fo r
6
s o m e  r o c k s  w ith  a h igh ly  a n o m a lo u s  s u s c e p t ib i l i ty  and  v e ry  low 
in te n s i t i e s ,  r o ta t io n  of the  r o c k  d is k  abou t a  v e r t i c a l  a x is  w ill 
no t  g ive  a s in u so id a l  d e f le c t io n  of th e  l ig h t  sp o t  a s  su g g es te d  
by (11), but an i r r e g u l a r  d e f le c t io n  m ay  r e s u l t .  B e c a u se  the  
in d u ced  m a g n e t iz a t io n  fa l l s  off p r o p o r t io n a l ly  to Z no 
d i f f ic u l t ie s  w ill be e x p e r ie n c e d  a t  l a r g e r  s e t t in g s  fo r  Z .
211. The S c a le  C o n s tan t ,  C. I rv in g  ( 1954) show ed e x p e r i ­
m e n ta l ly  th a t  a  th in  d isk  of u n i fo rm ly  m a g n e t iz e d  r o c k  a t  a 
d i s ta n c e  Z v e r t i c a l l y  below  th e  lo w e r  m a g n e t  b e h a v e s  like  a 
d ip o le  a t  a  d i s t a n c e | ( Z 2 + a 2) p . / 2 ,  w h e re  'a '  i s  the  r a d iu s  of the  
d is k .  U n fo r tu n a te ly ,  w ith  a m a g n e to m e te r  the  s c a le  a long  
w h ich  th e  Z d i s t a n c e s  a r e  m e a s u r e d  does  no t b eg in  with the  
z e r o  c o r r e s p o n d in g  w ith  th e  p o s i t io n  of the  lo w e r  m a g n e t  and 
to o b ta in  the  c o r r e c t  v a lu e  of Z a c o r r e c t i o n  "C "  m u s t  be  added  
to th e  re a d in g ,  Z Q on the  s c a l e .  If we have  a r o c k  d is k  w hose
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t h i c k n e s s  i s  'h '  th e  c e n t r e  of the  d isk  i s  1 /2  h above  th e  p la t fo rm  on
w hich  i t  s ta n d s .  T h u s  fo r  a  r o c k  d is k  th e  d i s ta n c e  Z is  g iven  by
( Z c + C -  1/2 h )  and a c c o r d in g  to I rv in g  (1954) i t  is  e q u iv a len t  to
a d ip o le  a t  a  d is ta n c e  ^ (  Z c + C - 1/2 h)^ + a ^ ^ J l / 2
F r o m  eq. (11) when 'y ' e q u a ls  z e r o  a n d  th e  va lu e  of Z is  a s  g iven  f r o m
above,
+ C 1/2 h )2 = co n s tan t ,  (47)
T he  d e f le c t io n s ,  A ^ fo r  a  s e r i e s  of d i s t a n c e s  Z w e re  r e c o r d e d  and the  
b e s t  f i t  w as  found when C = 1. 86 c m s .
C H A P T E R  II
P a r t  2________C o n s t r u c t io n a l  D e ta i l s
2. 12 A D e s c r ip t io n .  P la t e  1, is  a  g e n e r a l  p h o to g ra p h
of the  i n s t r u m e n t  ta k e n  look ing  so u th  a long  the  m a g n e t ic  m e r id ia n .
T he  f r a m e w o r k  fo r  the  d e - g a u s s in g  c o i ls  is  a lu m in iu m  "dex ion"  
s lo t te d  an g le  g i r d e r s  and  it is  m o u n ted  d i r e c t ly  on to  the  f lo o r .
T he  n o r th - s o u th  and e a s t - w e s t  H e lm h o ltz  c o i ls  p ro v id e  u n i fo rm  h o r i ­
zo n ta l  m a g n e t ic  f ie ld s  and  th e  fo u r  c o i ls  of the  F a n s e la u  s y s te m ,  w hich  
p ro v id e  a u n i fo rm  v e r t i c a l  f ie ld  a r e  p la in ly  v i s ib le .  T h e s e  co i ls  a r e  
c o n n ec ted  to  an  84 vo lt DC su p p ly  and  the  c o r r e c t  c u r r e n t s  n e c e s s a r y  
to annu l the  E a r t h ' s  f ie ld  (T a b le  3) a r e  o b ta in ed  by s e r i e s  d ro p p in g  
r e s i s t o r s .  A f e a tu r e  of th e  s y s te m  is  th a t  a  p re p o n d e ra n c e  of the  
r e s i s t a n c e  of the  c i r c u i t  is  in the  t e m p e r a t u r e  in d ep en d e n t  r e s i s t o r
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T A B L E  1 1 - 3 66
D e ta i l s  ab o u t the  co ils :
C o re b o a r d  c e n t r e s  
m a s o n i te  s id e s  
g lue  and c o p p e r  n a i l s
l a y e r e d  w ith  a m o r o id  e v e r y  o th e r  l a y e r  
18 gauge  (0. 048 inch) c o p p e r  w ire  
w ire  e n a m e l le d  
20. 93 lb /1 0 0 0  yd.
13 .27  o h m / 1000 yd.
H e lm h o l tz ,  n o r th - s o u th  
P r i m a r y
320 tu r n s
30. 6 ohm s
1.047 m e t r e  r a d iu s
S e c o n d a ry
100 tu r n s  
9. 5 o h m s
1. 057 m e t r e  r a d iu s  
H e lm h o ltz ,  e a s t - w e s t  
P r i m a r y
60 tu r n s  
5. 1 ohm s
0. 937 m e t r e  r a d iu s
T A B L E  II - 3 (Cont 'd)
S e c o n d a r y
200 t u r n s
17, 2 o h m s
0. 943 m e t r e  r a d i u s
F a n s e l a u ,  V e r t i c a l
S m a l l  coil
P r i m a r y  270 t u r n s
14. 2 o h m s
. 581 m e t r e  r a d i u s
S e c o n d a r y
90 t u r n s
4. 7 o h m s
0. 586 m e t r e  r a d i u s  
L a r g e  Coil  
P r i m a r y  2 79 t u r n s
18. 6 o h m s
0. 755 m e t r e  r a d i u s  
S e c o n d a r y
90 t u r n s  
6. 2 o h m s
0 .7 6 1  m e t r e  r a d i u s
T A B L E  II - 3 (Cont 'd)
G
C
£
0
t u r n s
c u r r e n t  
r a d i u s  a m p s
E a r t h ' s
ca lc .
fie ld  (gam m a)
B. M. R.
H e lm h o l t z  
n o r t h - s o u t h 320 1. 047 0. 0901 24770 24530
H e lm h o l t z
e a s t - w e s t 60 0 .9 3 7
F a n s e l a u
v e r t i c a l 270 0 .5 8 1  & 0 .0 9 2 9 52900 54040
0. 755
The  d im e n s io n s  and  m a g n e t i c  f i e ld s  of  the  t h r e e  m u tu a l ly  
p e r p e n d i c u l a r  f ie ld  co i l s  of the  m a g n e t o m e t e r .  T h e s e  co i ls  
s e r v e  to annul  the  e a r t h ' s  f ie ld ,  th u s  g iv ing  a f ie ld  f r e e  re g io n  
s u r r o u n d i n g  the  a s t a t i c  p a i r  of m a g n e t s .
th u s  a s s u r i n g  an in v a r i a n t  c u r r e n t .
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In the  top  c e n t r e  of P la t e  1, s tan d in g  on t h r e e  le g s  on an 
is o la te d  c o n c r e te  b lo c k  is  the  d e te c to r  s y s te m  a s s e m b ly  of the  
m a g n e to m e te r .  A c lo s e - u p  of the  a s s e m b ly  is  g iven  in P l a t e  2.
The t r i a n g u l a r  b a s e  and  c i r c u l a r  ta b le  a r e  made out of " P e r m a l i "  
l a m in a te d  beechw ood  and  the  d e te c to r  box c o v e r  (F ig .  1) a r e  
m a d e  out of " D ia la m "  tu b in g .  T he  t r i a n g u l a r  b a s e  can  be 
le v e l le d  by th r e e  s t a n d a r d  type  s c r e w s .  L e t  in to  the  n o r th  s id e  
of the  d e te c to r  c o v e r  (F ig .  2) is  a th r e a d e d  le n s  window, th ro u g h  
w hich the  p r o je c te d  l i g h t - s p o t  e n t e r s  and  is  r e f l e c te d  b a c k  by the 
m i r r o r  on the  d e t e c to r  (F ig .  3), T he  h e ig h t  of th e  m i r r o r  m ay  
be a d ju s te d  by th e  long  s c r e w  m o u n ted  v e r t i c a l l y  on top  of the  
s u sp e n s io n  c o v e r  ( F ig .  1). In th i s  in s t r u m e n t  a  c la m p in g  d ev ice  
fo r  the  d e t e c to r  h a s  b een  in c o r p o r a te d .  It is  m o u n ted  on top  of 
the  d e te c to r  c a s e  (F ig .  2) and  on lo o se n in g  the  c la m p  th e  
d e te c to r  is  a t  f i r s t  r a i s e d ,  r e m o v in g  th e  w eigh t f r o m  th e  s u sp e n s io n  
so a s  to p re v e n t  b r e a k in g  it, and  th en  the  d e te c to r  i s  f i r m ly  
c la m p e d  b e tw een  a p a i r  of c lam p in g  f in g e r s .  A g r u b - s c r e w  
(F ig .  2) p r e v e n t s  th e  o p e r a t o r  in a d v e r te n t ly  s c r e w in g  th e  c lam p in g  
s c r e w  r ig h t  out.
T he  d e te c to r  i s  the  h e a r t  of the  m a g n e to m e te r  and  i s  shown 
in F i g .  3. A s  s ta t e d  by B la c k e t t  ( 1952) it  i s  n e c e s s a r y  fo r  the  
r a t io  of the  d ipo le  m o m e n t  to the  m o m e n t  of i n e r t i a  of th e  s y s t e m  
to be a  m a x im u m . C y l in d r ic a l  bu t t r a n s v e r s e l y  m a g n e t iz e d
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F ig ,  11 -1 . A w o rk sh o p  d ra w in g  of the  t o r s io n  h ead  
of th e  s e d im e n ta r y  m a g n e to m e te r .
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A d ia g ra m  of th e  d e te c to r  s y s te m  of th e  m a g n e to m e te r
<s
• 7Ö
f e r r o d u r e  m a g n e t s  have  b e en  ch o sen  (d im e n s io n s :  4 m . m . x 4 m . m .
x 7 m , m . ). To  k e e p  th e  m o m en t of i n e r t i a  of the  s y s te m  low , 
th e  m i r r o r s  h a v e  b e e n  m o u n ted  a s  c lo se  to  th e  c e n t r a l  c o lu m n  a s  
p o s s ib le .  In th e  u p p e r  s u r f a c e  of the  s c r e w  sh a f t  (F ig .  3) two 
s lo t s  have  b e en  p ro v id e d  in to  w hich a key m a y  be f i t te d .  T h i s  
p e r m i t s  the  m a in  body of the  d e te c to r  to  be h e ld  w hile  the  a z im u th  
of th e  lo w e r  m a g n e t  i s  a l t e r e d  by s c r e w in g  th e  s c r e w  t h r e a d  in to  
th e  s c r e w  s o c k e t .  D u r in g  the  p r e l i m i n a r y  s ta g e s  of a s t a t i c i z in g  
the  in s t r u m e n t ,  th e  above  o p e ra t io n  is  f r e q u e n t ly  r e q u i r e d .
T h e  lo w e r  m a g n e t  of the  a s t a t i c  p a i r  (F ig .  3) d a n g le s  
s y m m e t r i c a l l y  w ithin  th e  c o p p e r  d am p in g  pot (F ig .  2). T he  
d am p in g  is  a d ju s te d  by s c r e w in g  the  pot up  o r  down un til  
c r i t i c a l  d a m p in g  is  a c h ie v e d .
S i tu a te d  below th e  d e te c to r  is  th e  r o c k  d is k  c a r r i a g e  and  
e le v a to r .  P l a t e  3 show s the  c a r r i a g e  w ith  the  e l e v a to r  r a i s e d .
An exp loded  v iew  of the  c a r r i a g e  and e le v a to r  is  s e t  out in P l a t e  4. 
C om p o n en t D is  th e  c a r r i a g e .  R o ta t io n  of sp in d le  1 w hich  p o in ts  
n o r th  c a r r i e s  the  seco n d  and  top  s ta c k  a lo n g  the  n o r th - s o u th  
m e r id ia n ,  w h e r e a s  r o ta t io n  of sp in d le  2 c a r r i e s  the  top  s t a c k  
only in th e  e a s t - w e s t  d i r e c t io n .
To th e  top  s ta c k  by m e a n s  of s ix  b o lts  the  c o l l a r  B3 i s  
a t ta c h e d .  B is  th e  " u p p e r  o u te r  c o v e r "  and  i t s  o u te r  s u r f a c e  is  
a s c r e w  th r e a d  a long  w hich  th e  s to p p e r  p u l le y  B1 m a y  be s c r e w e d  
by m e a n s  of a  s t r in g  b e l t ,  w hich  r e a c h e s  to  the  o p e r a to r  5 m e t r e s  
aw ay  to th e  n o r th .  W ith in  th e  u p p e r  o u t e r  c o v e r  th e  " r a i s i n g  p is to n " E
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P la te  II - 3 . M ounted  d i r e c t ly  u n d e rn e a th  th e  m a g n e to m e te r  
d e te c to r  h ead  is  th e  ro c k  t r a v e r s e  c a r r i a g e .  T he co m p o n en ts  
of th e  c a r r ia g e  a r e  a s s e m b le d  re a d y  fo r  m o u n tin g .
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P la te  II - 4. A ex p lo d ed  v iew  of th e  ro c k  t r a v e r s e  c a r r ia g e  
and  e le v a tin g  p is to n
n e a t ly  f i t s .  It is  gu ided  by the  key  E l ,  s l id in g  in the  g ro o v e  
B2. It can be s e e n  th a t  the  u p p e r  o u te r  c o v e r ,  B, h a s  a  c e n t i m e t r e  
s c a le  m a r k e d  a lo n g  it and  the  s e t t in g  of th e  key E l  can be r e a d  
d i r e c t ly .  In P l a t e  3 th e  key is  r e s t i n g  a t  a  d is ta n c e  of a p p r o x im a te ly  
36 c m s ,  T he  r a i s in g  and  lo w e r in g  of the  p is to n  is  c o n t ro l le d  by 
the  s t r in g  w hich  can  be seen , in P la te  1, ro u n d in g  a p u lley  in the  
lo w e r  le f t  hand  c o r n e r .
R o ta t io n  of the  n o r th - p o in t in g  sh a f t  C2 r o t a t e s  the  sh a f t  F  
w hich  h a s  th e  r o c k  d is k  m oun t F I  on top, F2 Is the  ro c k  d is k  
h o ld e r  and a s lo t  in one s id e , s l id e s  a long  th e  key in F I .  T h is  
p e r m i t s  an  undoub ted  a z im u th  fo r  th e  r o c k  d is k  to  be  ob ta in ed  
e v e r y  t im e  it i s  r e m o v e d  and r e p la c e d .
C H A P T E R  II
P a r t  3. P r a c t i c a l  P r o c e d u r e  fo r  M e a s u r in g
2. 13 In te n s i ty  of M ag n e t iz a t io n .  In p r a c t i c e ,  the  s e q u e n c e  fo r  
m e a s u r in g  the  m a g n e t iz a t io n  of a d is k  in v o lv e s  m o r e  m e a s u r e m e n t s  
th an  the  d i s c u s s io n  in 2. 3 of the  fu n d a m e n ta l  p r in c ip le  
d i r e c t ly  s u g g e s t s .  A copy of the  s tan d a rd  m e a s u r e m e n t  sh ee t  
to g e th e r  w ith  a  s im u la te d  s e t  of r e a d in g s  is  shown in F ig .  4. T he  
r o c k  d is k  is  p la c e d  in th e  u p r ig h t  p o s i t io n  in th e  s p e c im e n  h o ld e r  
w ith  the  r e f e r e n c e  a r r o w  po in tin g  e a s tw a r d s  and  th e  c a r r i a g e  
( P la t e  4) ru n  to  th e  e a s t  ( +y ). T he  s e q u e n c e  of m e a s u r e m e n t s
rt ^
a r e  a s  fo llow s:  ^ *
1) l ig h t  sp o t  r e a d  * 2 50
2) p is to n  r a i s e d ,  r e a d  500
3) p is to n  lo w e re d ,  and  r o ta t e  90° c lo ck w ise ,  r e a d  2 52
4) p is to n  rj/a\sed, r e a d  100
5) p is to n  lo w e re d ,  c a r r i a g e  t r a v e r s e d  w est,  r e a d  2 54
6) p is to n  r a i s e d  200
7) p is to n  lo w e re d ,  and  r o ta t e  90° a n t ic lo c k w is e ,  r e a d  2 56
8) p is to n  r a i s e d ,  r e a d  600
9) p is to n  lo w e re d ,  r e a d  2 58
T he  r o c k  d is k  is  now re m o v e d  and  in v e r te d  by r o ta t in g  about the  
r e f e r e n c e  a r r o w .  T he  r o c k  d is k  is  r e p la c e d  in th e  h o ld e r  and
the  m e a s u r e m e n t s  con tinued :
10) l ig h t  sp o t  r e a d  260
11) p is to n  r a i s e d ,  r e a d  510
12) p is to n  lo w e re d ,  an d  r o ta t e  90° a n t ic lo c k w is e ,  r e a d  262
13) p is to n  r a i s e d ,  r e a d  110
14) p is to n  lo w e re d ,  c a r r i a g e  t r a v e r s e d  e a s t ,  r e a d  26 4
15) p is to n  r a i s e d ,  r e a d  2 10
16) p is to n  lo w e re d ,  r e a d  266
17) p is to n  r a i s e d ,  r e a d  610
18) p is to n  lo w e re d ,  r e a d  268
N ote: E a c h  r e a d in g  is  to be m a d e  a t  e q u a lly  sp ac e d  t im e
in t e r v a l s  (20 s e c . ) .
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T he  m e a s u r e m e n t  i s  now c o m p le te  and the in s t r u m e n t  is  in th e  
p r e c i s e  cond ition  a s  i t  w as  b e fo re  the  s e r i e s  of r e a d in g s  w e re  
c o m m e n c e d  and  i t  i s  r e a d y  f o r  th e  n ex t  m e a s u r e m e n t .
T he  v a lu e s  f o r  D m  and I a r e  co m p u ted  a s  fo llow s:
T h e  r e a d in g s  of th e  i n s t r u m e n t  w hen the  p is to n  w as  lo w e re d ,
sho w ed  a s te a d y  d r i f t  (e .  g. 250, 252, 254 ................. ). T h i s  is
r e m o v e d  by a v e r a g in g  th e  r e a d in g s  b e fo re  and a f t e r  r a i s i n g  th e  
p is to n .  In F ig .  4 a l l  th e  co m p u ted  v a lu e s  a r e  in b r a c k e t s  to 
d i s t in g u is h  th e m  f r o m  th e  m e a s u r e d  v a lu e s .  T he  a p p r o p r i a t e  
m e a n  v a lu e  is  s u b t r a c te d  f r o m  th e  v a lu e  ob ta in ed  when the  p is to n  
w as  r a i s e d  and  the v a lu e  i n s e r t e d  in to  F ig .  4, i. e.
E a s t  (+y), A^(e) W es t  ( -y ) ,  A ,(w)
U p r ig h t  0 (+249) (+343)
90 (-153) (-153)
In v e r te d  0 (+343) (+249)
90 (-55) (-153)
F o r  th e  u p r ig h t  p o s i t io n  th e  d e f le c t io n ,  A ^ e )  when the  t r a v e r s e  
is  to th e  e a s t^ is  s u b t r a c t e d  f r o m  th e  d e f le c t io n ,  A^(w), w hen  the  
t r a v e r s e  is  to  th e  w e s t ,  and  th e  d i f f e r e n c e  which is  e q u a l  to  2A^, 
( s e e  ^  2. 3 ( 16) ), is  p la c e d  in the  co lum n  m a rk e d  "D iff" .
F o r  th e  in v e r te d  p o s i t io n ^ A ^ e )  is  s u b t r a c te d  f r o m  A ^ w )  and  the  
d i f f e r e n c e  p la c e d  in th e  "D iff"  co lu m n . One e ig h th  of th e  s u m  of 
the  fo u r  v a lu e s  in th e  "D iff"  c o lu m n  is th e  v a lu e  A ^ used  in th e
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c a lc u la t io n  of I , (16). T he  m e a n  va lue  of the  fo u r  v a lu e s  f o r  the
0° a z im u th  s e t t in g  and th e  m e a n  of the  fo u r  v a lu e s  f o r  the  90°
s
a z im u th  s e t t in g  g iv e s  th e  v a lu e s  and  A ^  ( a s  d e f in e d  fo r  (11)
and  (12) ), F r o m  th e s e  two v a lu e s  th e  d e c l in a t io n ,  D m  ( s e e  (14) )
and  the m a x im u m  p o s s ib le  d e f le c t io n  A ( s e e  (15) ) i s
c a lc u la te d .  F r o m  A ^ ^  the  in te n s i ty  of m a g n e t iz a t io n  ism ax
o b ta in ed  f r o m  (24).
2. 14 S u s c e p t ib i l i ty  T he  c u r r e n t  th ro u g h  the  F a n s e l a u  c o i ls  
( <0 2. 9) w h ich  annul th e  v e r t i c a l  c o m p en e n t  of th e  E a r t h ' s  f ie ld  
is  r e v e r s e d  so th a t  the  v e r t i c a l  f ie ld , B ^ i s  tw ice  th e  v e r t i c a l  
c o m p o n en t of the  E a r t h ' s  f ie ld .  A r o c k  d is k  w hose  in te n s i ty  
h a s  been  m e a s u r e d  p re v io u s ly  is  p la c e d  in  the  u p r ig h t  p o s i t io n  
w ith  th e  r e f e r e n c e  a r r o w  po in ting  e a s tw a r d s  and th e  c a r r i a g e  
( P l a t e  4) to  th e  e a s t .  T he  s e q u e n c e  of m e a s u r e m e n t s  a r e  a s
fo llow s: -
1) l ig h t  sp o t  r e a d  a
2) p is to n  r a i s e d ,  r e a d  b
3) p is to n  lo w e re d  and  c a r r i a g e  t r a v e r s e d  w e s t ,  r e a d  c
4) p is to n  r a i s e d ,  r e a d  d
5) p is to n  lo w e re d  e
T h e  r o c k  d is k  i s  r e m o v e d  and th e  i n s t r u m e n t  r e s t o r e d  to i t s  
o r ig in a l  s ta t e .  T he  in s t ru m e n t  d r i f t  i s  r e m o v e d  by ta k in g  the  
m e a n  of the  r e a d in g s  b e fo re  and  a f t e r  e a c h  r a i s i n g  of th e  p is to n .  
A s  in 2, 13 the  v a lu e s  fo r  A ^  ( 6 ) an d  A ^ (w) a r e  o b ta in ed .
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S u b tr a c t io n  of A ^(e) f r o m  A^(w) in th i s  c a s e  g iv e s  2 /Q  w h e re  
A ^ is  the  d i s p la c e m e n t  g iven  by (26). A s  is  e x p la in ed  in (2 7) 
th e  v a lu e  of s u s c e p t ib i l i ty  is  found.
2. 15 S am p lin g  P r o c e d u r e s .  C lo se  a t te n t io n  w as  pa id  to the  
fo llow ing  p o in ts :
1) T he  c o l le c t io n  of f r e s h  u n w e a th e re d  and u n m e ta m o rp h a s e d  
ro c k .
2) S u itab le  r o c k  ty p e s .
3) G e o lo g ica l  a d v ice  o b ta in ed  a s  to  the  th ic k n e s s  of the  
fo r m a t io n  and  fo ld ing  m o v e m e n ts  in the  a r e a .
4) E v en  d is t r ib u t io n  (a s  f a r  a s  was p o s s ib le )  of s i t e s  th ro u g h o u t  
th e  th ic k n e s s  of th e  fo r m a t io n  and  o v e r  i t s  s u r f a c e  o u tc ro p ,
5) S e le c t io n  of s i t e s  to  t e s t  the  s ta b i l i ty  of m a g n e t iz a t io n  of 
th e  fo r m a t io n .
One of the  m a jo r  d i f f ic u l t ie s  fac in g  p a la e o m a g n e t ic  w o rk  in 
A u s t r a l i a  is  in ob ta in in g  f r e s h  s a m p le s .  Many of the  lan d  s u r f a c e s  
have  b e en  ex p o se d  fo r  long  p e r io d s  of t im e  ( e .g .  in m an y  c a s e s  
s in c e  the  m id d le  of th e  T e r t i a r y )  and  w e a th e r in g  h a s  p e n e t r a te d  
to a  c o n s id e r a b le  d ep th . T h e r e  h a s  b e en  n e g l ig a b le  P le i s to c e n e  —"r'77 
g la c ia t io n  w hich  in m an y  c o u n t r ie s  in h igh  la t i tu d e s  ( e .g .  B r i ta in )  
h a s  c lea n e d  the  s u r f a c e s  m ak in g  it v e r y  m u c h  e a s i e r  to ob ta in  
f r e s h  ro c k .  In o r d e r  to o b ta in  f r e s h  s p e c im e n s  sa m p l in g  h a s  been  
confined  to q u a r r i e s ,  r o a d  cu tt in g s  and  a c t iv e ly  e ro d in g  s t r e a m  
beds  and  s e a  c l i f f s ,  M e ta m o rp h ic  ro c k s  h av e  b e en  su b je c te d  to
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n u m e ro u s  unknown v a r ia b le  co n d it io n s  and  i t  is  d iff icu l t  to see  
the  p a la e o m a g n e t ic  s ig n if ic a n c e  of th e  r e s u l t s  o b ta in ed  f r o m  th e m .
On the  o th e r  hand, ig n eo u s  r o c k s  and  a n u m b e r  of s e d im e n ta r y  
ty p e s  h av e  p ro v e d  su i ta b le ,  in p a r t i c u l a r  b a s a l t s  and  f in e - g r a in e d  
r e d  s e d im e n ts .
It i s  a lm o s t  a x io m a t ic  th a t  a u n i fo rm  d is t r ib u t io n  of s i t e s  
th ro u g h o u t  th e  fo rm a t io n  and  o v e r  i t s  s u r f a c e  o u tc ro p  is  n e c e s s a r y  
if  the  b ro a d  re g io n a l  p ic tu r e  is  to be o b ta in ed , W atson  and 
I rv in g  (1957) h av e  d i s c u s s e d  a  p r o c e d u r e  fo r  o p t im u m  sam p lin g  
eco n o m y  and w h e re  p o s s ib le  th i s  p r o c e d u r e  h a s  been  fo llow ed. 
M e a s u r e m e n ts  on in d iv id u a l  th in  la v a  flow s e tc .  a r e  d is t in g u is h e d  
f r o m  the  m a in  bu lk  of p a la e o m a g n e t ic  m e a s u r e m e n t s  by the  t e r m  
" sp o t  r e a d in g "  ( e .g .  D u ro  P o r p h y ry ,  C h a p te r  VII). In c a s e s  
w h e re  a s p e c ia l  f e a tu r e  su ch  a s  s ta b i l i ty  (e . g. N ew lands  C r e e k  
C o n g lo m e ra te ,  C h a p te r  V) o r  s e c u l a r  v a r ia t io n  (C h a p te r  XI) a r e  
b e in g  in v e s t ig a te d  a m o r e  c o n c e n t r a te d  s a m p l in g  p a t te r n  h a s  been  
u s e d .
W hen a s u i ta b le  p ie c e  of ro c k  w as found ( i t  m u s t  be in s itu) 
a  c lea n  f la t  fa ce  w as  s e le c te d  and  on i t  a  h o r iz o n ta l  a r r o w  w as  
d ra w n  w ith  a  w a te r p r o o f  c ra y o n  o r  w a te r p r o o f  ink. T he  s t r i k e  
of the  a r r o w  and  d ip  of th e  fa c e  w as  r e c o r d e d .  C a re fu l ly  p r e s e r v i n g  
th e  a r r o w  and b lock  n u m b e r ,  a b lock  a s  l a r g e  a s  a c len ch ed  f is t  
w as  r e m o v e d  w ith  w ed g es  and  a s p a l l in g  h a m m e r .  T he  h a m m e r in g  
n e c e s s a r y  to  r e m o v e  the  b lo c k  a p p e a r s  not to  a f fe c t  the
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m a g n e t iz a t io n  of the  ro c k ,  To g u a rd  a g a in s t  o r i e n ta t io n  e r r o r s  
s e v e r a l  s p e c im e n s  w e re  c o l le c te d  a t  th e  one s i t e .  W hen the  
b e d s  f r o m  w hich  the  s a m p le s  w e re  c o l le c te d  a r e  no t f la t  ly ing  
th e  s t r i k e  and dip of the  b e d s  w as r e c o r d e d  b e c a u s e  i t  i s  the  
d i r e c t io n  of m a g n e t iz a t io n  w ith  r e s p e c t  to the  b edd ing  w h ich  is  
u s e d  to  c a lc u la te  pole  p o s i t io n s .  T he b lo c k s  w e re  c a r r i e d  to 
the  w o rk sh o p  w h e re  c y l in d e r s  w e re  m a c h in e d  and  s l i c e d  in to  
d i s k s  w ith  n o n -m a g n e t ic  to o ls .  D u r in g  th i s  p r o c e s s  the  
o r ie n ta t io n  m a r k s  w e re  p r e s e r v e d  on the  d i s k s .
2. 16 A n a ly s i s  of R e s u l t s . F r o m  e v e r y  s a m p le  a  few d is k s
have  b e en  cu t. T he  m e a s u r e d  d i r e c t io n  f o r  e ac h  d i s k  h a s  been
g iven  u n it  w e igh t and  v e c to r i a l ly  added  to g ive  the  m e a n  d i r e c t io n
f o r  th e  s a m p le  (B ru c k sh a w  & R o b e r ts o n  (1949) ). T h e  m e a n
d i r e c t io n  of one s a m p le  i s  d i f f e r e n t  f r o m  th a t  of a n o th e r  and
s t a t i s t i c a l  m e th o d s  have  to be u se d  to find the  m e a n  d i r e c t io n  of
a fo r m a t io n  and  a ls o  the  le v e l  of s t a t i s t i c a l  s ig n i f ic a n c e  w h ich  can
be a s s ig n e d  to th a t  d i r e c t io n .
F i s h e r  (1953) t r e a t e d  the  g e n e r a l  p ro b le m  of d i s p e r s i o n
on a s p h e r e  and  a s s u m e d  a d e n s i ty  d i s t r ib u t io n  of —S=_______
w h e re  0  i s  the  ang le  b e tw een  the  m e a n  d i r e c t io n  of a groujD
of o b s e r v a t io n s  and  the  g iven  d i r e c t io n ,  and  K is  th e  p r e c i s io n
N - 1
index, the  b e s t  e s t i m a te  fo r  w h ich .he  show ed  to be eq u a l  to
' N - R
w h e re  N is  th e  n u m b e r  of o b s e r v a t io n s  and  R the  su m  of th e
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d i r e c t io n  c o s in e s  of e ac h  o b s e r v a t io n .  T he  cone of c o n f id en ce  
( s e m ia n g le ,  o ( ) a ro u n d  the  m e a n  d i re c t io n ,  w ith in  w h ich  th e  t r u e
d i r e c t io n  l i e s  w ith  a g iven  p ro b a b i l i ty ,  P  is  g iven  by
cos  oc 1  -
N - R
(48)
T he  v a lu e  of th e  b r a c k e t  in (48) h a s  been  ta b u la te d  by th e  w r i t e r  
(T a b le  4) f o r  a  p ro b a b i l i ty  of 0. 05,
W atso n  & I rv in g  (1957) c o n s id e re d  the  c a s e  w h e re  s a m p le s  
h av e  b e en  c o l le c te d  f r o m  B s i t e s  w h ich  a r e  a s s u m e d  u n i fo rm ly  
d i s t r ib u te d  th ro u g h o u t the  fo r m a t io n .  If 6 ) is  the  w i th in - s i t e  
d i s p e r s io n  and  J3> i s  the  b e tw e e n - s i t e  d i s p e r s io n  they  show ed  
th a t  it  i s  p o s s ib le  to s e p a r a t e  out W and ji . A lso ,  an  o v e r a l l  
p r e c i s io n ,  fe- g iven  by,
h  = to N 4-  ft b  (49)
to  N J2> b
can b e  found w hich  g iv e s  a  cone of co n fid en ce  s m a l l e r  th a n  the  
a p p l ic a t io n  of F i s h e r ' s  m e th o d  (i.  e . eq. (48) ) w o u ld ,b e c a u s e  
(49) m a k e s  f u l l e r  u s e  of th e  p r i m a r y  d a ta .  W h e r e v e r  p o s s ib le  
the  p a la e o m a g n e t ic  d a ta  h a s  been  t r e a t e d  in the  m a n n e r  
r e c o m m e n d e d  by W atson  & I rv in g  (1957).
O ften  i t  is  d e s i r e d  to t e s t  if a g ro u p  of ro c k s  is  m a g n e t iz e d  
w ith r a n d o m  o r ie n ta t io n s .  W atso n  ( 1955) h a s  ta b u la te d  th e  
m a x im u m  le n g th  of th e  r e s u l t a n t  v e c to r ,  R a s  a func tion  of the  
s a m p le  s iz e ,  N, c h o se n  f r o m  r o c k s  with r a n d o m  o r ie n ta t io n .
T h is  t e s t  h a s  b e en  u se d  in th e  c o n g lo m e ra te  t e s t  on th e  N ew lan d s  
C re e k  c o n g lo m e r a te s  (C h a p te r  V, 5. 3).
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2. 17 P o le  P o s i t io n s .
P r o m
Whe n the  m e a n  d i r e c t io n  of 86
m a g n e t iz a t io n  of a  fo r m a t io n  (d e c l in a t io n ,  D and  in c l in a t io n ,  I) 
th e  f o r m e r  pole  p o s i t io n  h a s  been  found by m e a n s  of th e  well 
known m e th o d s  s e t  ou t by C h ap m an  & B a r t e l s  (1951, p, 621) 
an d  C r e e r ,  I rv in g  & R u n c o rn  (1957). T he  f o r m e r  c o la t i tu d e  
of the  s a m p l in g  s i t e s  ^  i s  g iven  by
C&t -xjj - ^  r  (T a b le  5) (50)
T he  c o la t i tu d e ,  0 and  lo n g itu d e , (j) of the  f o r m e r  p o le  p o s i t io n  
h a s  been  ob ta in ed  in p r e s e n t  day c o -g e o g ra p h ic a l  c o - o r d in a t e s  
by so lu tio n  of the  s p h e r i c a l  t r i a n g le  (F ig .  5) f r o m  th e  f o r m u la e .
CÖb 0  ^ Cöb 0( OOP yjj t At/xv 0, Ax/n. \^ > CO-6 T> ( 5 1)
J) ^Uyyx yj) (52)
.AX/J'X 0
w h e re  , and xp i s  the  la t i tu d e  and lo n g itu d e , r e s p e c t iv e ly ,
of the  s a m p l in g  s i te .  The  e r r o r  in c o la t i tu d e ,  dLp> of the
c a lc u la te d  pole  p o s i t io n  is  g iven  by
cJLi^ ( - cx ^  (53)
and the  e r r o r  in lo n g itu d e , i s  g iven  by
cLy~ -  OC V» (54)
X
w h e re  OC i s  the  s e m i  an g le  of the  cone of co n fid en ce  a ro u n d  
the  m e an  d i r e c t io n .  ( C r e e r ,  I r v in g  & R u n c o rn  (1957) ).
F ig .  11-5, T he d e te r m in a t io n  of a f o r m e r  pole  p o s i t io n  
by s p h e r i c a l  t r i g o n o m e t r y
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T he  c o la t i tu d e  ^  a s  a  func tion  of th e  m a g n e t ic  
in c l in a t io n  l ,  a c c o rd in g  to  th e  f o r m u la  b a s e d  on a  d ipo le ;
&cot'^4' = ta n  I
wC h a p t e r  II
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KAINOZOIC VOLCANICS O F  VICTORIA
3. 1 V o lc a n ic  a c t iv i ty  in e a s t e r n  A u s t r a l i a  w as on a g ra n d  
s c a l e  d u r in g  th e  K a in o zo ic .  T he  v o lc an ic  ro c k s ,  f o r  the  m o s t  
p a r t  o l iv in e  b a s a l t s ,  ex ten d ed  f r o m  C ape  Y o rk  to T a s m a n i a .
T he  a r e a  c o v e r e d  today  i s  a p p ro x im a te ly  50, 000 sq .  m i l e s  and  
i s  but a  r e m n a n t  w h ich  h a s  w ith s to o d  the  s u b se q u e n t  e r o s io n .
T h e  ty p e  a r e a  fo r  th e  v o lc a n ic s  is  in V ic to r ia  and  f o r  
th i s  r e a s o n  th e  p a la e o m a g n e t ic  s u rv e y  w as  c a r r i e d  ou t in th a t  
S ta te .  In th e  G ip p s lan d  d i s t r i c t  so m e  of th e  flow s a r e  r e l a t e d  
to  f o s s i l i f e r o u s  m a r in e  and  f r e s h w a te r  s e d im e n ts ,  an d  by m e a n s  
of the  f o s s i l s ,  S ing le ton  (1939) w as  ab le  to  d iv ide  the  V o lc a n ic s  
in to  two g ro u p s ,  w h ich  he c a l le d  the  N e w e r  and O ld e r  V o lc a n ic s .  
E d w a rd s  (1937, 19 38) found th a t  th e  two g ro u p s  h av e  p e t r o lo g ic a l  
d i f f e r e n c e s  and  H il ls  (1938) h a s  d i s c u s s e d  th e i r  g e o m o rp h o lo g ic a l  
r e l a t i o n s h ip s .  The N e w e r  V o lc a n ic s  fo r m  a m o r e  o r  l e s s  
co n tin u o u s  o u tc ro p  to  th e  w e s t  of M elb o u rn e .  A few flow s of 
P l io c e n e  ag e  h e r a ld e d  the  p e r io d  of g r e a t  e x t r u s iv e  a c t iv i ty  which 
con tin u ed  th ro u g h o u t the  P l e i s to c e n e ,  and in the  v ic in i ty  of 
W a r rn a m b o o l  and  Mt. G a m b ie r  v o lc an ic  a c t iv i ty  ex ten d e d  into 
R ec e n t  t im e ,  The O ld e r  V o lc a n ic s ,  a l s o  r e f e r r e d  to a s  the  
N a r r a c a n  V o lc a n ic s ,  o u tc ro p  to  the  e a s t  of M e lb o u rn e  and  a r e  
in te rb e d d e d  w ith  n o n - m a r i n e  s e d im e n ts  w hich f o r m  p a r t  of the  
E o cen e  an d  O lig o c en e  s e q u e n c e  of E a s t e r n  V ic to r ia .  T h is  L o w e r
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T e r t i a r y  s e q u e n c e  h a s  b een  b lo c k  fau l te d  by the  w ide s p r e a d  
but m ild  T e r t i a r y  e a r th  m o v e m e n ts  (H il ls  (1938) ), C o u lso n  
(19 38) ) and i t  is  only  in th e  im m e d ia te  v ic in i ty  of th e  fa u l ts  a r e  
the  b e d s  found to be s te e p ly  d ipp ing . T he  p r e s e n t  d is c o n t in u o u s  
o u tc ro p  r e s u l t s  f r o m  the  r e ju v e n a te d  e r o s io n  s u b se q u e n t  to th e s e  
m o v e m e n ts .
3. 2 P r e v io u s  W ork . T he f i r s t  w o rk  w as  c a r r i e d  out in  1894 
by R u c k e r  (1894) who m e a s u r e d  the  s u s c e p t ib i l i ty  of 38 b a s a l t s  
f r o m  e a s t e r n  A u s t r a l i a .  D i r e c t io n s  of m a g n e t iz a t io n  w e re  not 
r e c o r d e d  un til 1926 when M e rc a n to n  (1926) c a r r i e d  ou t c ru d e  
d e te r m in a t io n s  on t h r e e  b a s a l t s  f r o m  Q u een s la n d .  It i s  i n t e r e s t in g  
and  n o tew o rth y  th a t  the  d i r e c t io n  of m a g n e t iz a t io n  w a s  o p p o s i te  to 
the  p r e s e n t  g e o m a g n e t ic  f ie ld .  R o d g e r s  (1951) found th is  
phenom enon  to ag a in  m a n i f e s t  i t s e l f  in fo u r  s p e c im e n s  f r o m  New 
E ng land  (New South  W ales)  and  A lm o n d , C legg  & J a e g e r  (1953) found 
a r e v e r s a l  in a b o r e - c o r e  f r o m  T a s m a n ia .  F ie ld  s u r v e y s  w ith  a 
v a r i o m e t e r  by R a y n e r  (1937, 1940) show ed th a t  m an y  of the  lo c a l  
a n o m a l ie s  o v e r  the  d e ep  l e a d s  of c e n t r a l  New South  W a le s  could be 
a t t r ib u te d  to  p e r m a n e n t  m a g n e t iz a t io n  w ith  a r e v e r s e d  p o la r i ty ,
3. 3 S am p lin g  P r o c e d u re .  T he s u r f a c e  w e a th e r in g  of the 
b a s a l t s ,  e s p e c ia l ly  the  o ld e r  b a s a l t s ,  h a s  been  r e f e r r e d  to and 
s in ce  th is  m ay  a l t e r  th e  m a g n e t ic  p r o p e r t i e s  of the  r o c k  g re a t  c a r e  
has  been  ta k en  to s e le c t  o n ly  f r e s h  m a t e r i a l  su ch  a s  can  be ob ta ined
93f r o m  q u a r r i e s  a t  l e a s t  20 ft. be low  th e  w ea th e red  s u r f a c e  o r  
f r o m  th e  b lu ff  s e a  c lif fs  fac ing  th e  S o u th e rn  O cean . A s  a f u r t h e r  
p r e c a u t io n  t h i r t y  th in  se c t io n s  h a v e  b e en  cut and  e x a m in e d  fo r  
in c ip ie n t  w e a th e r in g  of the  i ro n  m i n e r a l s .  E d w a rd s  (1938) h a s  
r e c o g n i s e d  bo th  th e  i ro n  m i n e r a l s ,  i lm e n i te  and m a g n e t i te  in  
t h e s e  b a s a l t s .  In a l l  c a s e s  e x a m in e d  the  o u t l in e s  of th e  i r o n  
m i n e r a l s  a r e  c le a n  and s h a r p  in d ic a t in g  th a t  no a l t e r a t i o n  h a s  
t a k e n  p la c e .
In th e  N e w e r  V o lc an ic s  tw o s a m p le s  h av e  b e e n  ta k e n  a t  
e a c h  of t h i r t y  s i t e s  (F ig .  1) and  in a d d it io n  two s i t e s  have  b e e n  
s a m p le d  in d e ta i l .  In the  O ld e r  V o lc a n ic s  only f i f te e n  s u i ta b le  
s i t e s  ( F ig .  1) w e re  a v a i la b le  and  co n se q u e n t ly  t h r e e  s a m p l e s  
w e re  ta k e n  a t  e ac h .  By s a m p l in g  f r o m  m any  s i t e s  in h o m o g e n e i t ie s  in 
d i r e c t io n  of m a g n e t iz a t io n  due to the  s e c u l a r  change  of the  geo 
m a g n e t ic  f ie ld  and  g eo lo g ic a l  t i l t in g  a r e  a v e r a g e d  out, and the  
b ro a d  r e g io n a l  p ic tu r e  of the  m a g n e t ic  f ie ld  d u r in g  the  t im e  of 
e x t r u s io n  of th e  la v a s  is  o b ta in ed . C a r e  w as  ta k e n  th a t  no s i t e  
w as  u s e d  in w hich  t i l t in g  g r e a t e r  th an  5 m ay  nave  o c c u r r e d .
0 4. T h e  D i r e c t io n  of M a g n e t iz a t io n . T w en ty  t h r e e  s p e c im e n s  
w e re  o b ta in e d  f r o m  A lb io n  Q u a r r y ,  S unsh ine . T h e  p h y s ic a l  
p r o p e r t i e s  of th is  r o c k  h av e  b e e n  d e s c r ib e d  by M c ln e rn y  (1929),
A lso  t h i r t y - f o u r  s p e c im e n s  w e r e  o b ta in ed  f r o m  A d a m s  Q u a r ry ,  
Y a r r a l e a  S t r e e t ,  A lp h in g to n . R o ck  f r o m  the  f o r m e r  q u a r r y  is
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F i g .  I l l  -  1,
D i s t r i b u t i o n  o f  s a m p l i n g  s i t e s  i n  V i c t o r i a .  The 
o u t c r o p  o f  t h e  C i d e r  V o l c a n i c s  i s  i n d i c a t e d  by b row n 
s h a d i n  a n i  t h a t  o f  t h e  Nawer  V o l c a n i c s  by r e d  s h a d i n g .  
-  - I t e  a r e  nu m b e red  a s  i n  A p p e n d ix  I I I .
F ig . 111-1 . T he  d is t r ib u t io n  of s a m p lin g  s i t e s  in  th e  
K a in az o ic  V o lc a n ic s  o f V ic to r ia
m a g n e tiz e d  w ith  n o rm a l  p o la r i ty  w h e re a s  ro c k  f ro m  th e  l a t t e r
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q u a r r y  h a s  r e v e r s e d  p o la r i ty .  T h e  d e g re e  of u n ifo rm ity  w ith in  
th e  d i r e c t io n s  of m a g n e tiz a tio n  a t  e a c h  of th e s e  tw o q u a r r i e s  can  
be s e e n  f ro m  F ig . 2. T he  s c a t t e r  can  be c o n s id e re d  to  a r i s e  
f ro m  th e  co m b in a tio n  o f c o lle c tin g , cu ttin g  an d  m e a s u r in g  e r r o r s ,  
to g e th e r  w ith  s lig h t in h o m o g e n e tie s  in  th e  ro c k . T he  d if f e r e n c e s  
in  d i r e c t io n s  b e tw een  th e  s i t e s  is  p r e s u m e d  to  be due to  s e c u la r  
v a r ia t io n  in th e  g e o m a g n e tic  f ie ld .
T h e  m e a n  d ir e c t io n s  a t  th i r ty - tw o  s i t e s  in  th e  N e w e r 
V o lc a n ic s  a r e  p lo tte d  in  F ig . 3. T h r i te e n  s i t e s  h a v e  th e  p o la r i ty  
o f th e  p r e s e n t  day  f ie ld  (n o r th  se e k in g  p o la r iz a t io n s  u p w a rd s) and  
s ix te e n  s i te s  a r e  of th e  o p p o s ite  p o la r i ty .  T he  tw o g ro u p s  a r e  
w ith in  th e  l im i t s  o f e x p e r im e n ta l  a c c u ra c y , 180° a p a r t .  T h re e  
s i te s  h av e  m ix e d  p o la r i t i e s .  T h e  o v e r a l l  m e a n  d ire c t io n , 
r e g a r d le s s  of s ig n , is  p a r a l l e l  to  th e  g e o c e n tr ic  a x ia l  d ip o le  
(F ig . 4).
T he  m e a n  s i te  d ir e c t io n s  of th e  O ld e r  V o lc a n ic s  a r e  g iv en  
in  F ig . 5. N ine s i te s  a r e  n o rm a l,  fo u r  a r e  r e v e r s e d  and  two 
s i t e s  h av e  m ix e d  p o la r i t i e s .  B e c a u se  of th e  p a u c ity  o f a v a ila b le  
s a m p lin g  s i t e s  in  th e  O ld e r  V o lc a n ic s  th e  d a ta  a r e  in s u ff ic ie n t 
to  t e s t  th e  e x a c tn e s s  of th e s e  r e v e r s a l s .  H o w ev e r, th e  a v e ra g e  
d ir e c t io n  of th e  w hole g ro u p , r e g a r d l e s s  of s ig n , is  g iv en  in  
T a b le  1 and  F ig . 6.
P i g .  I l l  -  2 .  The v i t h i n - s i t e  v a r i a t i o n  i n  
d i r e c t i o n s  o f  m a g n e t i z a t i o n  a t  two s i t e s  i n  
t h e  Newer V o l c a n i c s .  Here and i n  P i g s .  3 ,
4 and 5 an e q u a l - a r e a  Schm id t  n e t  i s  u s e d ,  
t h e  p la n e  o f  t h e  p r o j e c t i o n  i s  t h e  p r e s e n t  
h o r i z o n t a l ,  t h e  f u l l  d o t s  a r e  n o r t h - s e e k i n g  
d i r e c t i o n s  p l o t t e d  on t h e  lo w e r  h e m isp h e re  
( r e v e r s e d ) ,  and t h e  open c i r c l e s  a r e  n o r t h ­
s e e k in g  d i r e c t i o n s  i n  t h e  u p p e r  h e m isp h e re  
( n o r m a l ) .  S e o g ra p h ic  N o r th  i s  m arked.
P o o ' s c r a y  Quarry  (NV 1 0 ) ,  N = 23 ,  D = 0 ° . 3 ,
I  = - 6 1 ° .8 , k 1 = 9 0 . 1 , a  (P = 0 .0 5 )  « 3 ° . 2 .
D areb in  Quarry  (NV 1 5 ) ,  N = 34 ,  D = 1 4 9 ° .6 ,
I  « + 3 4 ° .9 ,  k 1 » 8 8 . 0 ,  a  (P -  0 . 0 5 )  = 2 ° . 7 .  
k l  end a  a r e  F i s h e r ' s  p r e c i s i o n  p a r a m e te r  
and c i r c l e  o f  c o n f id e n c e .
M -  V .*  \
F ig . 111 -2 . T h e  s c a t t e r  in  d i r e c t io n s  of m a g n e tiz a tio n  a t 
tw o s i t e s  in  th e  N e w e r V o lc a n ic s
xF ig . 111-3 .
9 i
Fig» H I  ~ 3o The mean d i r e c t i o n s  a t
t h i r t y —two s i t e s  i n  t h e  Newer V o l c a n i e s .  
C o n v e n t i o n s  s i n  i’i p .  2 , e x c e r t  t h a t  
s i t e s  w i t h  mixed p o l a r i t y ,  6 ,  20 ,  19 , 
a r e  p l o t t e d  w i t h o u t  r e s  e c t  t o  s i ^ n  on 
t h e  u p p e r  he i s ; h e r e .
T he m e a n  d i r e c t io n s  a t  th i r ty - tw o  s i te s  in  th e
N e w e r V o lc a n ic s
P i £ .  Ix I  -  4 . The mean d i r e c t i o n  o f  t h e  
Normal (N) and R e v e r s e d  (R) s i t e s  i n  t h e  
Newer V o l c a n i c s .  The c i r c l e s  a r e  t h e  
e r r o r  c i r c l e s  a t  P = 0 . 0 5 .  Bo th  d i r e c t i o n s  
r e  i n  t h e  u o p e r  h e m i s p h e r e ,  n o r t h - s e e k i n g  
i n  t h e  c a s e  of  mean o f  t h e  norma]  s i t e s ,  
and s o u t h —s e e k i n g  f o r  t h e  r e v e r s e d  s i t e  
mean d i r e c t i o n .
F ig .  111-4, T he  m e a n  d i r e c t io n  of the  n o r m a l  (N) and 
r e v e r s e d  s i t e s  (R) in th e  N e w e r  V o lc a n ic s
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H I  -  5 .  Mean d i r e c t i o n s  i n  f i f t e e n  
s i t e s  i n  th e  O lde r  V o l c a n i c s .  The 
c o n v e n t i o n s  a r e  ns i n  F i g .  3 ,  e x c e p t  
t h a t  a l l  d i r e c t i o n s  a r e  now p l o t t e d  on 
t h e  u p p e r  h e m i s p h e r e .  9 and 12 a r e  
mixed l o c a l i t i e s .
U 1 ' 5- The m e a n  d i r e c t io n s  in f if teen  s i te s  
m the  O ld e r  V o lcan ic s
Npi £ » I I I  -  6 ,  Mean d i r e c t i o n s  o f  t h e  Newer 
(:;V) ad O ld e r  (OV) V o l c a n i c s .  These  mean 
d i r e c t i o n s  have been c a l c u l a t e d  r e g a r d l e s s  
of  s i g n .  D i s  t h e  d i p o l e  f i e l d ,  and r  i s  
t h e  d i r e c t i o n  r f  t h e  p r e s e n t  f i e l d  i n  
V i c t o r i a .  1'he c i r c l e s  o f  e r r o r  a r e  a t  
P = 0 . 0 5 .
F ig , 1 1 1 -6 . T he  m e a n  d i r e c t i o n s  of th e  N e w e r  (NV) and  
O ld e r  (OV) V o lc an ic s
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The o u ts ta n d in g  f e a tu r e s  a r e :
1) W ith in  eac h  g ro u p  the  a v e r a g e  d i r e c t io n  of m a g n e t iz a t io n  
r e g a r d l e s s  of s ign  r e m a in s  a p p ro x im a te ly  c o n s ta n t  but 
r e v e r s a l s  in p o la r i ty  do o c c u r .
2) In the  N e w e r  V o lc a n ic s  the  a v e r a g e  d i r e c t io n  of 
m a g n e t iz a t io n  h a s  an  in c l in a t io n  of 5 9 .8 °  w h e r e a s  in  the  
O ld e r  V o lc a n ic s  th e  m e a n  in c l in a t io n  is  13. 1° s t e e p e r ,
T h e s e  two f e a tu r e s  a r e  r e f e r r e d  to  a s  ' r e v e r s a l s '  and
'c h a n g e  in a v e r a g e  d i r e c t i o n ' ,  r e s p e c t iv e ly .  N u m e ro u s  r e v e r s a l s  
a r e  to  be  found a long  w ith  n o r m a l  r o c k  w ith in  eac h  g ro u p  w h e r e a s
the 'ch a n g e  in a v e r a g e  d irec t io n *  js & s t a t i s t i c a l l y  s ig n if ic a n t
-■<*
d i f f e r e n c e  in a v e r a g e  d i r e c t io n  b e tw ee n  th e  d i r e c t io n  of m a g n e t ­
iz a t io n  of th e  O ld e r  and N e w e r  V o lc a n ic s .  T h is  change  is  an  
e ffe c t  w hich  ta k e s  p la ce  o v e r  a  m u c h  lo n g e r  t im e  s c a le ,
3. 5 In te n s i ty  of M ag n e t iz a t io n  an d  In i t ia l  S u s c e p t ib i l i ty .  W ith  
m a n y  m a t e r i a l s  th e  s u s c e p t ib i l i ty  i s  often  a func tion  of th e  a p p l ie d  
fie ld , bu t f o r  the  V ic to r ia n  b a s a l t s  it  h a s  b een  found tha t in 
u n i fo rm  m a g n e t ic  f ie ld s  o v e r  the  r a n g e  0. 49 - 1. 21 o e r s t e d  th e
ind u ced  m o m e n t  is  p ro p o r t io n a l  to  the  in te n s i ty  of the  f ie ld  ( F ig .  7). 
The  d i s t r ib u t io n s  of in te n s i ty  of m a g n e t iz a t io n  and  s u s c e p t ib i l i ty  
a r e  of an  i r r e g u l a r  type  but th e  s in g le  p e ak  w ith  a  long  t a i l  in to  
h igh  v a lu e s  is  c h a r a c t e r i s t i c  of a l l  su ch  d i s t r ib u t io n s  (H aw es  ( 1952) ), 
F ig .  8 is  a h i s to g r a m  of th e  in te n s i ty .  T h is  o b s e r v e d  d i s t r ib u t io n  
of in te n s i ty  h a s  been  f i t te d  to a  g a m m a  d is tr ib u t io n ^
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Volume intensity x 10 3G
Histograms of the variation of the intensity of magnetization.
I , ("' 'h'  ^  Vnlcumcs, normally magnetized specimens in black, reversed o n es  le t, 
and Neu South VVale's W  * * * * "  spt‘cim ens’ includ'"« from Queensland
F ig ,  111 7 . H is to g ra m  of th e  v a r i a t io n  of th e  in te n s i ty  of 
m a g n e t iz a t io n  of the  K a in az o ic  V o lc a n ic s  f r o m  V ic to r ia
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Volume intensity x  ICh’G 
Histograms o f the variations o f susceptibility.
(a) the  N ew er Volcanics, norm ally m agnetized specim ens in black, reversed ones left 
blank; (b) the O lder Volcanics; (r) all basalt specim ens, including some from  Q ueensland 
and New South  W ales.
F ig .  1 1 1 -8 , H is to g r a m  of the  v a r i a t i o n s  of s u s c e p t ib i l i ty  
of the  K a in azo ic  V o lc a n ic s  f r o m  V ic to r ia
w h e re
f(M) is  the  p ro b a b i l i ty  of a  s p e c im e n  h av in g  an  in te n s i ty  M. 
<X is  the  skew  p a r a m e t e r  and 
is  th e  s c a l e  p a r a m e t e r .
T h is  d i s t r ib u t io n  is  b a se d  on th r e e  a s s e m p t io n s :
1) T h e  m a g n e t ic  p a r t i c l e s  in a p a r t i c u l a r  f o r m a t io n  a r e
a s s u m e d  to be d i s t r ib u te d  in n u m b e r  a c c o r d in g  to a  P o is s o n  
d is t r ib u t io n ,
In o th e r  w o rd s  the  n u m b e r  of m a g n e t ic  p a r t i c l e s  in s p e c im e n s  of 
equa l v o lu m e  c o l le c te d  f r o m  a g iven  fo r m a t io n  w ill  fo llow  a P o is s o n  
d i s t r ib u t io n .
2) T h e  m o m e n t  of in d iv id u a l  m a g n e t ic  p a r t i c l e s  i s  a s s u m e d  to 
be  c o n s ta n t  in in te n s i ty  th ro u g h o u t  th e  p a r t i c u l a r  fo rm a t io n ;  
th is  w ill in g e n e r a l  im p ly  th e  p r e s e n c e  of on ly  one m a g n e t ic  
p a r t i c l e .
3) T h e  d ire c t io n s  of m a g n e t iz a t io n  of th e s e  p a r t i c l e s  a r e  
d i s t r ib u te d  a ro u n d  the m e a n  d i r e c t io n  a c c o r d in g  to a  F i s h e r  
d is t r ib u t io n  ( F i s h e r  (1953) ).
I t  m a y  be n o te d  th a t  (1) and  (2) a r e  a s s u m p t io n s  ap p l ie d  to 
the  w hole  fo r m a t io n  w h e r e a s  the  t h i r d  i s  s p e c ia l  f o r  e a c h  s p e c im e n .  
F o r  the  K a in o zo ic  V o lc a n ic s  th e  b e s t  f i t  is  o b ta in ed  w ith 
OC = 1. 466 and ß> - 5. 178. T he  f i t  i s  good. T h is  im p l ie s
cd b9ilqqfi anoxtqxnuaeJB 9*ijb (S) bxus ( I )  Is if t b9ton 9d JI 
.n9mio9qa riojB9 *iol Isxo9qa ax b*nxft 9xtt aß9*i9riw noxJjsrmol sloxiw 9xft
-t
xttxw b9nxfiJdo ax Jxq ta 9 d  9xit a o in so Io V  oxosonx.ß2[ 9ift 'io ,5
th a t  th e  m a g n e t iz a t io n  in th e  r o c k s  a r i s e s  p r in c ip a l ly  f r o m  a
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s in g le  co m p o n en t and  a ls o  ( b e c a u s e  of (3) above) t h e r e  is  v e r y  
l i t t l e  in s ta b i l i ty  in t h e s e  r o c k s .
1 )
2)
3)
F ig ,  9 is  a  h i s t o g r a m  of the  s u s c e p t ib i l i ty  fo r :
N e w e r  V o lc a n ic s  of V ic to r ia ( " N o rm a l
( .R e v e rse d
O ld e r  V o lc a n ic s  of V ic to r ia
A ll  the  m e a s u r e d  K a in o zo ic  b a s a l t s  f r o m  A u s t r a l i a  ( in c lu d e s  
s o m e  m e a s u r e m e n t s  o b ta in e d  f r o m  N. S. W. and T a s m a n ia  
by M r. E . I r v in g  and  so m e  f r o m  Q u e e n s la n d  by th e  a u th o r ) .  
It i s  i n t e r e s t i n g  to no te ,  in c o n c u r r e n c e  w ith  the  
p e t r o lo g ic a l  d i f f e r e n c e s  of th e  O ld e r  an d  N e w e r  V o lc a n ic s  th a t  bo th  
th e  in te n s i ty  and  s u s c e p t ib i l i ty  of th e  N e w e r  V o lc a n ic s  is  lo w e r  
than  the  c o r r e s p o n d in g  v a lu e s  f o r  th e  O ld e r  V o lc a n ic s  but the  
r a t io  of in te n s i ty  to s u s c e p t ib i l i ty  i s  th e  s a m e  fo r  both  g ro u p s .  
R u c k e r  (1894) m e a s u r e d  th e  s u s c e p t ib i l i ty  of th i r t y - e ig h t  b a s a l t s  
f r o m  e a s t e r n  A u s t r a l i a  and  h is  a v e r a g e  v a lu e  of 6. 8 x 10 e. m , u, 
a g r e e s  w ell w ith  the  r e s u l t s  g iven  in  F ig .  9.
3. 6 S ta b i l i ty  of M a g n e t iz a t io n . B e fo re  any  c o n c lu s io n  can  be
d ra w n  f ro m  p a la e o m a g n e t ic  s u r v e y s  a s  to th e  b e h a v io u r  of the  g e o ­
m a g n e t ic  f ie ld  it is  n e c e s s a r y  to e s t a b l i s h  th e  s ta b i l i ty  of 
m a g n e t iz a t io n  of th e  ro c k ,  i. e . th e  m a g n e t iz a t io n  m u s t  be  shown 
to a r i s e  f r o m  th e  p r i m a r y  co m p o n en t  and  to be  u n a ffe c ted  to any  
a p p r e c ia b le  e x ten t  by s e c o n d a r y  and  t e m p o r a r y  c o m p o n en ts  
( C r e e r  ( 1957) ). T he  t e r m  ' s t a b l e '  u s e d  in th is  s e n s e  m a y  be
F i g . I l l  -  J . The s u s c e p t i b i l i t y  i s
d e f i n e d  a s  t h e  r a t i o  of  t h e  i n t e n s i t y  
o f  m a g n e t i z a t i o n  Mi,  i n d u c e d  by an 
e x t e r n a l  f i e l d  H, t o  t h e  s t r e n g t h  o f  
t h a t  f i e l d .  The v a l u e s  o b t a i n e d  do 
no t  v a r y  a p n r e c i o b l e  b e t we e n  0 . 4 9  and 
1 • ? t o e r s t e d •
F ig .  111-9 . T h e  s u s c e p t ib i l i ty  a s  a fu n c tio n  of f ie ld  fo r  
s p e c im e n s  f r o m  th e  V ic to r ia n  b a s a l t s
108
a p p l ie d  to the  K a in o zo ic  V o lc an ic s  and the  m e a s u r e d  d i r e c t io n  
of m a g n e t iz a t io n  can  be p r e s u m e d  to be  th a t  of the  g e o m a g n e t ic  
f ie ld  a t  th e  t im e  of e x t r u s io n  of the  lav a .
In su p p o r t  of the  l a s t  s t a t e m e n t  is  the  fo llow ing  ev id en c e :
1) S p e c im e n s  f r o m  th e  s a m e  s i te  and f ro m  d i f f e r e n t  s i t e s  
in the  s a m e  a r e a  g ive  a p p ro x im a te ly  p a r a l l e l  d i r e c t io n  
an d  r e - m e a s u r e m e n t  a f t e r  s to r a g e  fo r  a y e a r  a t  an  a n g le  
to  the  e a r t h ' s  f ie ld  g iv e s  r e p e a ta b le  r e s u l t s .
C o n c lu s io n : th e  b a s a l t s  do not c o n ta in  a t e m p o r a r y
co m p o n en t w hose  r e la x a t io n  t im e  is  s h o r t e r  th a n  one y e a r .
2) T h e  m e a n  d i r e c t io n  of bo th  the  O ld e r  and  N e w e r  V o lc a n ic s
d i f f e r  s ig n if ic a n t ly  f r o m  the  p r e s e n t  f ie ld  (F ig .  6). 
C o n c lu s io n :  th e  b a s a l t  d o es  not co n ta in  a t e m p o r a r y
co m p o n en t w hose  r e la x a t io n  t im e  is  s h o r t e r  th an  a few 
h u n d re d  y e a r s  and  h e n ce  no t e m p o r a r y  co m p o n en t .
3) R e v e r s e d  p o l a r i t i e s  in the  N e w e r  V o lc a n ic s  w hich  a r e
r /?
10° - 10 y e a r s  old and  in the  O ld e r  V o lc a n ic s
( 20 x 10 y e a r s  ) a r e  co m m o n .
4) T he  a b s e n c e  of s t r in g in g  in the  r e s u l t s  is  a p p a r e n t .
(By 's t r in g in g '  i s  m e a n t  th e  s p r e a d  of th e  d i r e c t io n s  of 
m a g n e t iz a t io n  a lo n g  a g r e a t  c i r c l e  p a s s in g  th ro u g h  the  
d i r e c t io n  of th e  p r e s e n t  day  f ie ld .  S t r in g in g  r e s u l t s  f r o m  
th e  v e c to r i a l  a d d it io n  of a  co m p o n en t of v a r i a b l e  m a g n itu d e  
in th e  d i r e c t io n  of th e  p r e s e n t  day  f ie ld  to an  o r ig in a l
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d i r e c t io n .  It h a s  been  d i s c u s s e d  by bo th  K aw ai (1953),
C r e e r  (1957) and R u n c o rn  (1955) ).
C o n c lu s io n  f r o m  (3) and  (4 ) : the  r e v e r s e d  b a s a l t s  h a v e  b e en  
u n a ffe c ted  by th e  ad d it io n  of a  s e c o n d a ry  co m p o n en t s in ce  
th e  p e r io d  of th e  l a s t  r e v e r s a l  a s  e x p e r ie n c e d  by 1) th e  
N e w e r  V o lc a n ic s  and  2) the  O ld e r  V o lc a n ic s .
5) T he  r a t io  of in te n s i ty  to s u s c e p t ib i l i ty  fo r  the  V ic to r ia n
b a s a l t s  u s u a l ly  fa l l s  b e tw een  1. 5 - 10.
C o n c lu s io n : th is  i s  p r e s u m p t iv e  e v id en c e  fo r  s ta b i l i ty ,
b e c a u s e  the  r e s u l t  of the  p r o g r e s s i v e  r e p l a c e m e n t  of th e  
in i t ia l  m a g n e t iz a t io n  by a m u c h  w e a k e r  s e c o n d a ry  i s o t h e r m a l  
m a g n e t iz a t io n  h a s  the  e ffe c t  of lo w e r in g  the  r a t io  to  w e ll  
below  un ity .
6) T h r e e  s p e c im e n s  h e a te d  to 700°C  and coo led  in th e  g e o ­
m a g n e t ic  f ie ld  a c q u i r e  an  in te n s e  m a g n e t iz a t io n  in th e  
d i r e c t io n  of th e  f ie ld .
C o n c lu s io n : th e  b a s a l t s  m a y  be u sed  to r e c o r d  the
d i r e c t io n  of th e  f o r m e r  m a g n e t ic  f ie ld .
3. 7 R e v e r s a l s  of M agne tiza t ion . T he  r e p e a te d  o c c u r r e n c e  of 
l a v a s  w ith a r e v e r s e d  p o la r i ty  is  a  c h a r a c t e r i s t i c  f e a tu r e  of 
K a in o zo ic  r o c k s  f r o m  th e  N o r th e r n  H e m is p h e r e ,  A s i m i l a r  
phen o m en o n  h a s  been  found fo r  th e  K a in o zo ic  V o lc a n ic s  of V ic to r ia .  
T h r e e  p o s s ib le  c a u s e s  f o r  the  r e v e r s e d  p o l a r i t i e s  m a y  be
c o n s id e re d :
11 -
1) R e v e r s a l s  in the  p o la r i ty  of the  m a in  g e o m a g n e t ic  f ie ld .
2) P e t r o l o g i c a l  r e v e r s a l s  of the  type  p ro p o s e d  by N ee l  (1951).
3) R e v e r s a l s  a s  a r e s u l t  of v a r i a b le  s ta b i l i ty .
It  m u s t  be  f r a n k ly  a d m it te d  th a t  i t  is ,  a s  ye t ,  im p o s s ib le  
to d e f in i te ly  s t a t e  th a t  th e  f i r s t  p o s s ib i l i ty  is  the  c a u s e  o f  r e v e r s e d  
p o la r i ty  to the  e x c lu s io n  of the  sec o n d .  H o w ev e r ,  th e  t h i r d  
p o s s ib i l i ty  is  v e r y  u n l ik e ly  b e c a u s e  it  i s  in c o n s i s te n t  w ith  th e  
e v id e n c e  in fa v o u r  of s ta b i l i ty .  F u r t h e r m o r e ,  if  n o r m a l  
p o l a r i t i e s  a r o s e  by the  im p o s i t io n  of s e c o n d a ry  i s o th e r m a l  
m a g n e t iz a t io n  upon a r e v e r s e d  p r i m a r y  m a g n e t iz a t io n  it w ould  be 
e x p e c te d  th a t  th e  r a t io  M/*y^ would be g r e a t e r  in th e  r e v e r s e d  ro c k s ;  
in fa c t  th e  o p p o s i te  is  th e  c a s e .  T he  fac t  th a t  the  r a t i o  i s  g r e a t e r  
in b a s a l t s  w ith  n o r m a l  p o la r i ty  m a y  be i n t e r p r e t e d  in two w ays:
1) T he  r e v e r s a l s  a r e  b ro u g h t  by s p e c ia l  m e c h a n i s m s  su ch  
a s  N ee l (1951) p ro p o s e d .
2) P a r a s i t i c  in d u ced  m a g n e t iz a t io n s  h av e  r e in f o r c e d  the  
m a g n e t iz a t io n  of n o r m a l ly  p o la r iz e d  b a s a l t s  bu t  r e d u c e d  
th e  v e c to r  in the  r e v e r s e l y  p o la r iz e d  r o c k s .
T h e  o c c u r r e n c e  of b o th  p o l a r i t i e s  a t the  one s i t e  l e n d s  
s u p p o r t  to the  c a s e  f o r  s p e c ia l  N e e l - ty p e  r e v e r s a l s  bu t an  e q u a l ly  
p la u s ib le  e x p la n a t io n ,w h e re  d e ta i le d  s a m p l in g  is  la ck in g , is  
a p p a r e n t .  A lthough , a t  a  s i te  i t  h a s  a lw ay s  been  the  in te n t io n  
to s a m p le  f r o m  th e  s a m e  flow, i t  s o m e t im e s  r e q u i r e s  d e ta i le d  
p e t r o lo g ic a l  s tu d y  to d e te c t  th e  ju n c t io n  b e tw een  s u c c e s s iv e  flow s
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and  in th is  way one s p e c im e n  m a y  be o b ta in ed  f r o m  e a c h  of two 
flow s. But, by d e f in i te ly  c o l le c t in g  f r o m  the  one flow th e  
d if f icu l ty  is  not e n t i r e ly  r e m o v e d  b e c a u s e  th e  u p p e r  p a r t  of the  
flow m a y  have  s u f f e re d  r e h e a t in g  by an  o v e r ly in g  flow, th e r e b y  
a c q u i r in g  the  d i r e c t io n  of m a g n e t iz a t io n  of th e  o v e r ly in g  flow, in 
c o n t r a s t  to the  d i r e c t io n  of the  m a in  body of the  flow. The 
s lu g g ish  ad v an ce  of the  C u r ie  t e m p e r a t u r e  s u r f a c e  th ro u g h  a 
coo ling  flow (C h a p te r  XII) i s  long  enough to  p e r m i t  th e  r e v e r s a l  
of the  g e o m a g n e t ic  f ie ld  to o c c u r s ^  d u r in g  th e  coo ling  an d  thus  
g ive  a  r e v e r s a l  in a  l a r g e  i s o la te d  flow, but i t  is  an  u n l ik e ly  ev en t .
In the  W e s te r n  D i s t r i c t s  th e  p o la r i t ie s  a p p e a r  to be  
r a n d o m ly  s c a t t e r e d  b e tw een  s i t e s ,  but th i s  is  in m a r k e d  c o n t r a s t  
to the  s ta t e  of a f f a i r s  found in the  M elb o u rn e  (F ig .  10) and  
G eelong  (F ig .  11) a r e a s  w h e re  th e  d e n s i ty  of s a m p l in g  s i t e s  is  
m u ch  h e a v ie r .  E a c h  p o la r i ty  is  r e s t r i c t e d  to a  g iven  g e o g ra p h ic a l  
a r e a .  In the  M elb o u rn e  M e tro p o l i ta n  a r e a ,  to the  w e s t  of the  
M a r ib y rn o n g  (i .  e. S a l tw a te r )  r i v e r  e ig h t q u a r r i e s  h av e  n o r m a l  
p o l a r i t i e s .  T h is  a r e a  i s  an  unconfined  la v a  f ie ld  (C ondon ( 1950) ). 
To th e  e a s t  of the  M a r ib y rn o n g ,  la v a  flow s w hich  a r e  r e g a r d e d  
by H anks  (1954) a s  y o u n g e r  th an  th e  M a r ib y rn o n g  flow s h a v e  m oved  
down the  confined  v a l le y s  of D a re b in  and  M e r r i  c r e e k s  (H anks 
(1954) ) and  a t  e ach  of th e  five  q u a r r i e s  s a m p le d  r e v e r s e d  
p o l a r i t i e s  have  b een  found. T oday  the  p o la r i ty  of the  e a r t h ' s  
f ie ld  is  n o r m a l  and  if th e  r o c k s  of r e v e r s e d  p o la r i ty  a r e  i n t e r p r e t e d
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Hi «91 r l  h> I t i  on o f  s a m n l i n s  s i t e s  i n  t he  Newer  
, nf  t h e  ! e l b n u r n «  A r e a .  The b a s a l t  
u t c r o n  i r  s ha de d  i n k .  ho s i t e s  a r e  
num~e ed t o  a t  e w i t h  t h e  p r i m s r v  d a t a  i n  
A n e n d i v  m .
F ig . 1 1 1 -10 . D is t r ib u t io n  of n o r m a l  and  r e v e r s e d  r o c k  
f r o m  the  M elb o u rn e  M e tro p o l i ta n  a r e a
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Pig» I I I  — 11, D i a t r lb u t i  n f 
norma nod r e v e r s e d  r o ck  from  
tne »eelonr District# Lonely
Hanke A n a k i e s  p'd i l ‘ o c c u r r e d  
b e f o r e  t b e  1 at 1 . r> f l o ' .  .
F ig .  111-11 . D is t r ib u t io n  of n o r m a l  and  r e v e r s e d  ro c k  
in the  G ee lo n g  d i s t r i c t
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a s  r e v e r s a l s  in the  g e o m a g n e t ic  f ie ld  it  fo llow s th a t ,  a s  
r e v e a le d  in the  M elb o u rn e  a r e a ,  the  d i r e c t io n  of th e  g e o m a g n e t ic  
f ie ld  h a s  been  n o r m a l - r e v e r s e d - n o r m a l ,  T u rn in g  now to th e  
p o l a r i t i e s  found in the  G eelong  d i s t r i c t ,  it i s  s e e n  th a t  th e  s a m p le s  
f ro m  the  lo w e r  le v e l  flow s have  r e v e r s e d  p o la r i ty  w h e r e a s  th e  
only s a m p le ,  p o s s ib ly  f r o m  a h igh  le v e l  flow (C o u lso n  (1938) ), 
h a s  n o r m a l  p o la r i ty .
By c o r r e l a t i n g  e q u iv a len t  p o l a r i t i e s  in the  M elb o u rn e  and 
G eelong  d i s t r i c t s  the  b e h a v io u r  of the  g e o m a g n e t ic  fie ld  d u r i n g ,  the  
K a inozo ic  m ay  be s tu d ie d  o v e r  an  e x ten d ed  p e r io d  of t im e .
H o w ev er ,  two a l t e r n a t iv e  s c h e m e s  of c o r r e l a t i o n  a r e  a v a i la b le .  
T h e s e  a r e  shown in F ig .  12. H o w ev e r ,  the  f i r s t  s c h e m e  of 
c o r r e l a t i n g  e q u iv a len t  p o la r i t i e s  is  g e o lo g ic a l ly  un like ly  b e c a u s e  
the  la v a s  of F y a n s fo rd  would have  to b e  y o u n g e r  th an  the  unconfined  
la v a s  w hich i s s u e d  f ro m  the  D e e r  P a r k  f i s s u r e s .
T h is  h a s  the  e ffec t  of p la c in g  a t im e  of a r e v e r s e d  
g e o m a g n e t ic  f ie ld  d u r in g  the  Q u a te r n a r y .  Opdyke & R u n co rn  
(1956) f ro m  t h e i r  w o rk  in A r iz o n a  found th a t  a change f ro m  r e v e r s e d  
to n o r m a l  p o la r i ty  w as  c lo se  to P l i o - P l e i s t o c e n e  b o u n d a ry .  The 
V ic to r ia n  w o rk  s u g g e s ts  a s i m i l a r  b e h a v io u r  in the  g e o m a g n e t ic  
f ie ld  in th is  p a r t  of th e  w o rld .
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normal
reversed
normal 
present fi eld
Case I
reversed (unlikely)
normal
normal
reversed
C ase 2
norma! normal
reversed
Fi f l«I II  -  12.  The two a l t e r n a t i v e  schemes f o r  
c o r r e l a t i n g  e q u i v a l e n t  p o l a r i t i e s  o f  the  
Geelong  and Melbourne d i s t r i c t s .  Case 2 i s  
fa v o u r ed ,  t he re by  su^ge s t in / r  a r e v e r s a l  
dur ing  the  Quaternary .
F ig .  111.-12. Two a l t e r n a t iv e  s c h e m e s  fo r  c o r r e l a t i n g  eq u iv a len t  
p o l a r i t i e s  of the  G eelong  an d  M elb o u rn e  d i s t r i c t s .  C a se  2 is  
f a v o u re d ,  th e re b y  s u g g e s t in g  a r e v e r s a l  d u r in g  the  Q u a te r n a r y
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U P P E R  DEVONIAN RED BEDS FR O M  TH E MQLONG- 
W ELL IN G TO N  A REA
4. 1 I n t r o d u c to r y  S ta te m e n t
4. 2 G eo logy
4. 3 S am p lin g
4, 4 R e s u l t s
4. 5 M ag n e tic  M in e r a l s  P r e s e n t
4 .6 In te n s i ty  of M ag n e tiz a t io n
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U P P E R  DEVONIAN R ED  BEDS FR O M  TH E M OLO N G -W ELLIN G TO N  
AREA
4, 1 T h s  r e d  s h a le s ,  s a n d s to n e s  and c o n g lo m e ra te s  of U p p er  
D ev o n ian  ag e  which o u tc ro p  in the  M olong-W ell ing ton  a r e a  have  
m an y  c h a r a c t e r i s t i c s  w h ich  w ould m a k e  th e m  a p p e a r  a t t r a c t i v e  
fo r  p a la e o m a g n e t ic  w ork , but t h e i r  a p p e a ra n c e  is  d e ce p t iv e  s in ce  
th ey  a r e  u n s ta b le .  I t  is  shown by m e a n s  of the  " F o ld  T e s t"  
(G ra h a m  (1948) ) th a t  th e  r o c k s  h av e  b een  m a g n e t iz e d  su b se q u e n t  
to the  K an im bl an o ro g e n y .
4 ,2  G eo logy . J o p l in  and  C u ley  (1938) mapped the Molong 
a r e a  and  M ath eso n  (1930) d id  s i m i l a r  p io n e e r in g  w o rk  in the  
W ell ing ton  a r e a .  S u b seq u en tly ,  a  n u m b e r  of a u th o r s  have  m ap p ed  
in v a ry in g  d e ta i l ,  o v e r la p p in g  a r e a s  on d i f f e r e n t  s c a l e s  and th e i r  
w o rk  h a s  r e c e n t ly  been  b ro u g h t to g e th e r  by J o p l in  e t a l  (1952) and  
the  one g e o lo g ic a l  m a p  i s s u e d  fo r  the  whole a r e a  (F ig .  1). The 
o u ts ta n d in g  g e o g ra p h ic a l  f e a tu r e  of the  a r e a  is  the  ru g g ed  
C a to m b a l  r a n g e  ( P la t e  1) a f t e r  w h ich  the  C a to m b a l  F o r m a t io n  is  
n a m ed .  T he fo r m a t io n  is  up to  1500 ft. in th ic k n e s s  and  show s 
f r e q u e n t  in te rb e d d in g  of c o n g lo m e ra te ,  r e d  s a n d s to n e s  and 
s h a le s .  M ost of the  s e d im e n t s  w e re  d e p o s i te d  in t e r r e s t r i a l  
l a k e s  but f r e q u e n t  m a r i n e  i n c u r s io n s  a r e  known to have  c o v e re d
the  a r e a .
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P la te  IV - 1. T he  ru g g e d  G a to m b a l R ange
CEOLOGICAL SKETCH MAP
WELLINGTON - MOLONG - 
ORANGE - CANOWINDRA 
REGION
BODANGÖRÄ
T -A > % arrXga
;w m  i :
<« \( . M
rrnia a  ]=-* 
E 2 3 PW*
- ISaSÄ r/*" i 
E S S ' - ”- ' -1 *“m*— l ^ ,. \«a~ J
l.iOMBAH.;
'  . ....... '
A , T?f& ,
wart
LARRAS LAKE
MANILDF
DULLAl
IsJgJNNE
MANDACERY
Jänobla:
MURCA
' rf f .  f -L f tD I  N BUR CHNANCAR
J’ \ A f c - T NE-J;
F ig . IV - 1. T he  G eo logy  of th e  M o lo n g -W ellin g to n  a r e a  
( a f te r  Jo p lin )
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D is tr ib u tio n  of sa m p lin g  s i te s  in  th e  M o lo n g -W ellin g to n
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C a r b o n i f e r o u s  w as  in te n se  and th e  C a to m b a l  F o r m a t io n  was 
t ig h t ly  fo lded  w ith d ip s  up to  70° and  a s t r i k e  to the  w e s t  of 
n o r th  (F ig .  2). D u r in g  fo ld ing  the  c o n g lo m e ra te s  and  s a n d s to n e s  
w e re  c o m p e te n t  w h e re a s  m an y  of the  s h a le s  h av e  fa i le d  u n d e r  
s t r e s s ,  g iv ing  r i s e  to what J o p l i n  & C uley  (1938) h av e  c a l led  
" b i s c u i t  s t r u c t u r e " .  T h e r e  is  no g e n e r a l  d y n a m ic  o r  th e r m a l  
m e ta m o r p h i s m  of the  a r e a ,
4, 3 S am p lin g .  F r e s h  r o c k  s p e c im e n s  have  b e en  c o l le c te d  
f r o m  s ix te e n  s i t e s  in r a i l ,  ro a d  and  c r e e k  e x p o s u r e s  w h e re  the  
b ed s  w e re  u n i fo rm ly  t i l te d .  No s a m p le s  h av e  b een  tak en  f ro m  
r o c k s  show ing  b is c u i t  s t r u c t u r e .  F o u r  t r a v e r s e s  a c r o s s  the  
sy n c l in e  have  been  m a d e ,  i. e. e igh t t r a v e r s e s  th ro u g h  the  e n t i r e  
th i c k n e s s  of the  fo r m a t io n .  S p e c im e n s  ra n g in g  in c o lo u r  f ro m  
p u rp le  to  r e d  and  buff and  in g r a in  s i z e  f r o m  sh a le  to fine  s a n d ­
s to n e  w e re  s e le c te d .  M atheson  (19 31) r e c o r d s  th a t  " the  
v a r ia t io n  in c o lo u r  b e a r s  a d i s t in c t  r e l a t io n s h ip  to g r a in  s iz e .
T he  p u r p l e - r e d  bands a r e  c h a r a c t e r i s t i c  of the  s h a le s ,  w h e re a s  
the  buff and  v e r m i l io n  a r e  ty p ic a l  of s a n d s to n e s ,  q u a r t z i t e s  and 
c o n g lo m e ra te s " .
T he  s a m p l in g  s i t e s  a r e  ev en ly  d i s t r ib u te d  th ro u g h o u t  the  
fo r m a t io n  and  the o b s e r v e d  a v e r a g e  d i r e c t io n  of m a g n e t iz a t io n  
sh ou ld  be in d ic a t iv e  of th e  a v e r a g e  d i r e c t io n  of m a g n e t iz a t io n
of the  w hole fo rm a t io n
P la te  IV 2. In c o m p e te n t  s h a le s  f r o m  th e  C a to m b a l  
F o r m a t io n  w hich  have  fa i le d  u n d e r  s t r e s s
4, 4 R esu lts . T he  d i r e c t io n s  of m a g n e t iz a t io n  a t  the
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s ix te e n  s i t e s  have  b e e n  ob ta in ed  w ith  r e s p e c t  to the  h o r iz o n ta l  
p lan e  (T a b le  1, F ig .  4), and  w ith  r e s p e c t  to the  bedd ing  p lan e  
(T a b le  2} F ig .  5), c o r r e c t i o n  be ing  m a d e  fo r  g e o lo g ic a l  dip .
The m e a n  d i r e c t io n s  a t  e ac h  s i te  h av e  b e en  com bined  to g ive  an  
o v e r a l l  m e a n  d i r e c t io n  fo r  the  fo r m a t io n  (T a b le  3), a g a in  w ith  
r e s p e c t  to th e  bed d in g  and  the  h o r iz o n ta l .  When no c o r r e c t i o n  
f o r  g e o lo g ic a l  dip  i s  m ade  th e  m e a n  d i r e c t io n  is  not s ig n if ic a n t ly  
d i f f e r e n t  f r o m  th e  d ire c t io n  of th e  g e o m a g n e t ic  f ie ld  but does  
d iv e rg e  f r o m  the  p r e s e n t  g e o c e n t r i c  d ipo le  f ie ld  (F ig .  4).
C o r r e c t io n  fo r  th e  d ip  of th e  b ed s  g iv e s  a  v e r y  wide s c a t t e r  
(F ig .  5). C o m p a r is o n  of F ig .  4 and  F ig .  5 is  a fine  e x a m p le  of 
th e  u s e  of G r a h a m 's  (1949) fold t e s t ,  and show s c le a r ly  th a t  
the  fo r m a t io n  h a s  been  m a g n e t iz e d  s u b se q u e n t ly  to the  fo ld ing  
d u r in g  the  K an im b lan  o ro g e n y .  In T a b le  3, the  s u b s ta n t ia l  
d e c r e a s e  in the  o v e r a l l  p r e c i s io n  index  k, (W atson  & Irv in g , ( 1957) ) 
f r o m  781 to 66 on c o r r e c t i n g  fo r  g e o lo g ic a l  d ip  is  shown and  it 
e m p h a s iz e s  th a t  th e  m a g n e t iz a t io n  is  s e c o n d a ry  and  th a t  v e r y  
l i t t l e  of the  p r i m a r y  m a g n e t iz a t io n  h a s  r e m a in e d .  T h e s e  r e s u l t s  
show th a t  the  C a to m b a l  F o r m a t io n  can n o t be  u se d  to p ro v id e  any  
in fo rm a t io n  abou t the  g e o m a g n e t ic  f ie ld  d u r in g  the  U p p e r  D ev o n ian , 
The b e s t  e s t im a te  of the  w i th in - s i t e  p r e c i s io n  oG , w hich  
n a tu r a l ly  m u s t  have  the  s a m e  '/a lue  b e fo re  and  a f t e r  c o r r e c t i o n  
fo r  g e o lo g ic a l  dip  is  13 .9  (T a b le  3). T h is  in d ic a te s  the  p r e s e n c e
F ig .  IV - 4. The  s i t e - m e a n  d i r e c t io n s  of m a g n e t iz a t io n  g iven  
w ith  r e s p e c t  to th e  h o r iz o n ta l  p lan e  (C a to m b a l  F o r m a t io n )
Nortk
F ig .  IV - 5. The  s i t e - m e a n  d i r e c t io n s  of m a g n e t iz a t io n  g iven  
w ith  r e s p e c t  to  the  bedd ing  p lane  (C a to m b a l  F o rm a t io n )
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S i te s Map r e f e r e n c e d i r e c t i o n  of m a g n e t i z a t i o n
D I
R a i lw ay  C r e e k B a t h u r s t ,  4 m i l e  
180500E ,907500N
36. 3 0 
cl1 5 .6
Bocob le  C r e e k B a t h u r s t ,  4 m i l e  
180000E ,907000N
112. 1 -67 .  9 7. 1
L i m e s t o n e  Gully  B a t h u r s t ,  4 m i l e  
180400E,  908100N
342. 9 - 6 4 . 8 4 .5
S lum p  C r e e k B a t h u r s t ,  4 m i l e  
180300E ,908900N
3. 5 - 6 8 .6 5. 3
C r y s t a l  S p r in g s  B a t h u r s t ,  4 m i l e  
Rd.  177000E, 910800N 335. 0 -69 .  5 13.6
C u m n o c k  R oad Dubbo,  4 m i l e  
1 7 7 0 0 0 E ,922000N
32 3 .0 -50 .  0 19. 4
R a i lw ay  Cut t ing  Dubbo, 4 m i l e 353. 3 -55 .  5 32. 4
D i s u s e d  Q u a r r y  Dubbo,  4 m i l e
1 7 7800E ,921500N
352. 1 - 7 1 . 6 6. 5
R a i lw ay  O v e r ­
p a s s
Dubbo,  4 m i l e  
1 8 0000E ,921200N 296 .8 i -a CO -o 15 .8
R oad  Cutt ing Dubbo,  4 m i l e  
18800E, 970900N
8. 4 -66 .  1 4 .6
W ell ing ton Dubbo,  4 m i l e 8. 4 -66 .  1 4 .6
1 8 8 00E ,970900N
T A B L E  IV - 1 (C ont 'd )
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S ite s M ap r e f e r e n c e d i r e c t io n  of m a g n e t iz a t io n
/ D I
R oad  cu tt in g  
A r th u r v i l l e  Rd.
Dubbo, 4 m i le  
187300E, 970300N
22. 0 -6 5 .8 11 .8
C u r r a  C r e e k  
1st s i t e
Dubbo, 4 m ile  
187000E, 969100N 352, 9 64, 7 8. 1
C u r r a  C r e e k  
2nd s i te
Dubbo, 4 m i le  
185000E ,967000N 29, 4 -66 . 2 10. 4
F in g e r  P o s t Dubbo, 4 m i le  
1840005, 966500N 34 .8 53.6 7 .6
T w o - m ile  C r e e k  Dubbo, 4 m i le  
183000E, 939000N 352. 1 - 7 0 .0 4 .8
T he  s i te  m e a n  d i r e c t io n s  of m a g n e t iz a t io n  g iven  with 
r e s p e c t  to th e  h o r iz o n ta l  p la n e .  N o tice  th e  s i m i l a r i t y  w ith  
the  p r e s e n t  g e o m a g n e t ic  f ie ld .
T A B L E  IV - 2
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S i tes Map r e f e r e n c e d i r e c t i o n  of m a g n e t i z a t i o n
D I
R a i lw ay  C r e e k B a t h u r s t ,  4 m i l e  
180500E ,907500N
6 8 .0 -38 .  0 5. 6
B ocob le  C r e e k B a t h u r s t ,  4 m i l e  
180000E ,907000N
6 1 .8 -47 .  3 7. 1
L i m e s t o n e  Gully  B a t h u r s t ,  4 m i l e  
180400E, 908100N
300. 0 -18 .  5 4. 5
S lum p  C r e e k B a t h u r s t ,  4 m i l e  
180300E ,908900N
12. 9 i CD Cn 5. 3
C r y s t a l  S p r in g s  B a t h u r s t ,  4 m i l e  
Rd.  177000E, 910800N 277. 2 56. 5 13.6
C u m n o c k  Rd. Dubbo, 4 m i l e  
17700E ,922000N 145. 0
CD•
coCO1 19. 4
R a i lw ay  C ut t ing  Dubbo, 4 m i l e
177000E ,921500N
67. 2 18.8 32. 4
D i s u s e d  Q u a r r y  Dubbo, 4 m i l e
177899E ,921500N
83. 9 - 2 0 .8 6. 5
R a i lw ay  O v e r ­
p a s s
Dubbo, 4 m i l e  
180000E ,921200N 49. 2 + 1.6 15,8
R oad  cu t t ing Dubbo, 4 m i l e 52. 8 + 14.2 14. 3
179000E,  921700N
T A B L E  IV - 2 ( Con 'td)
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S ite s Map r e f e r e n c e d i r e c t io n  of m a g n e t iz a t io n
D I
W elling ton Dubbo, 4 m ile  
188000E ,970900N
55. 8 10. 1 4 .6
R oad  C u tting  
A r t h u r v i l l e  Rd.
Dubbo, 4 m ile  
187300E, 970300N
5 4 .2 -1 3 . 2 11. 8
C u r r a  C r e e k  
1st S ite
Dubbo, 4 m ile  
187000E, 969100N 6 6 ,6 i CO « o 8. 1
C u r r a  C r e e k Dubbo, 4 m ile  
185000E, 967000N 294. 3 -2 5 . 4 10. 4
F in g e r  P o s t Dubbo, 4 m ile  
184000E, 966500N
3 32 .0 - 7 ,7 7 .6
Two m i le  C reekD ubbo , 4 m ile
183000E ,939000N
7 1 .0 36.2 4 .8
T he  s i t e  m e a n  d i r e c t io n  of m a g n e t iz a t io n  g iven  w ith
r e s p e c t  to th e  bedd ing  p la n e .  N o tice  the  a m o u n t of s c a t t e r .
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of a  s u b s ta n t i a l  i n t r i n s i c  s c a t t e r  o r  of a t e m p o r a r y  co m ponen t 
of m a g n e t iz a t io n .
The fo ld  te s t  h a s  shown th a t  the  C a to m b a l  F orm ation  w as 
m a g n e t iz e d  s u b se q u e n t ly  to th e  K an im b lan  o ro g en y , and  
a c c o rd in g ly  th e  p r e c i s io n  index  of the  d i r e c t io n s ,  when r e f e r r e d  
to the  b edd ing  ( = 4, 3) i s  in d ic a t iv e  of the  a m o u n t of
fo ld ing  u n d e rg o n e  by e ac h  of the  s i t e s .  On the  o th e r  hand the  
p r e c i s io n  index , when r e f e r r e d  to the  h o r iz o n ta l  ( = 7 4 .8 ) ,
s in c e  it d o es  show s ig n if ic a n t  v a r i a t io n  f r o m  s i te  to  s i te ,  m ay  
p ro v id e  an in d ic a t io n  of th e  m in im u m  a m p li tu d e  of the  s e c u l a r  
v a r i a t io n  d u r in g  the  t im e  o v e r  w hich th e  fo r m a t io n  a c q u i r e d  
i t s  s e c o n d a ry  m a g n e t iz a t io n .  P r e v io u s ly ,  it  h a s  b een  no ted  
th a t  th e  m e a n  d i r e c t io n  is  c lo se  to  the  p r e s e n t  g e o m a g n e t ic  
f ie ld  but d i f f e r s  f r o m  the  g e o c e n t r i c  d ipo le  f ie ld  (w hich  is  a lso
O
th e  d ipo le  f ie ld  d u r in g  the  l a s t  10 y r s ,  C h a p te r  3), T h u s  it 
s e e m s  l ik e ly  th a t  the  C a to m b a l  F o r m a t io n  h a s  been  m a g n e t iz e d  
d u r in g  t h e  l a s t  IO"" - 10° y r s .  F r o m  the  fo r m u la
w hich  on s u b s t i tu t in g  the  v a lu e  f o r  , g iv e s  ^  = 1 6 , 2
f o r  a  m in im u m  va lu e  f o r  th e  s e c u l a r  v a r ia t io n  s in c e  it r e c o r d s  
only  th e  a m o u n t of s e c u l a r  v a r i a t io n  w h ich  h a s  ta k en  p la ce  d u r in g  
the  t im e  d u r in g  w hich  the  fo r m a t io n  h a s  b een  m a g n e t iz e d .  T h is  
t im e  canno t be m u c h  g r e a t e r  th an  10  ^ y e a r s  o th e rw is e  the  
fo r m a t io n  w ould be m a g n e t iz e d  a long  the  d ipo le  and  not a long  the  
g e o m a g n e t ic  f ie ld .  On the  o th e r  hand  it m u s t  be lo n g e r  than  a
135
few d e c a d e s  o r  e l s e  t h e r e  would be no s ig n if ic a n t  b e tw e e n - s i te  
v a r ia t io n .  H o w ev e r ,  it  h a s  to be r e m e m b e r e d  th a t  the  d i re c t io n  
of m a g n e t iz a t io n  o b s e r v e d  in the  C a to m b a l  F o r m a t io n  is  s im i l a r  
to d i r e c t i o n s  p re v a i l in g  d u r in g  the  L o w e r  T e r t i a r y  and  p e rh a p s  
a ls o  in th e  C a rb o n ife ro u s  and it is  no t im p o s s ib le  th a t  the  
F o r m a t io n  w as m a g n e t iz e d  then .
4, 5 M ag n e tic  M in e r a ls  P r e s e n t . M ath eso n  (19 31) no ted  
th a t  the  r e d n e s s  of the  s a n d s to n e s  and  s h a le s  a r i s e s  f r o m  a 
co a t in g  of h e m a t i te  a ro u n d  the  d e t r i t a l  g r a in s .  It is  m o s t  
p ro b a b le  th a t  m o s t  of the  m a g n e t iz a t io n  r e s i d e s  w ith in  the  h e m a t i te  
coa ting , bu t if, a s  M ath eso n  p o in ts  out, th e  C a to m b a l  s e d im e n ts  
w e re  d e r iv e d  f r o m  n e a r b y  g r a n i te  o u tc ro p s  (F ig .  2), the  
s e d im e n ts  m a y  a l s o  co n ta in  so m e  m a g n e t i te .  It is  not p o s s ib le  
f r o m  the  p r e s e n t  ev id en c e  to say  w hich  of th e s e  is  r e s p o n s ib le  
fo r  the  m a g n e t iz a t io n .
4. 6 In te n s i ty  of M agnetization . . T he  m a g n e t iz a t io n  of the
-6 ~6s e d im e n ts  r a n g e s  f r o m  0. 4 x 10 e. m . u . to  69. 1 x 10 e. m . u.
A h i s to g r a m  of the  i n te n s i t i e s  of m a g n e t iz a t io n  is  g iven  (F ig .  6) 
and  the  d is t r ib u t io n  if  f i t te d  to a  g a m m a  d is t r ib u t io n  (eq . 3. 1).
T he  b e s t  fit  i s  o b ta in ed  when the  skew  p a r a m e t e r  oc = 1. 17 5 
and  the s c a le  p a r a m e t e r  f l  = 4, 4886, but a  X  - t e s t  of the  
g o o d n e ss  of fit  is  e x t r e m e ly  p o o r  (0 . 1% p r o b a b i l i ty  of o c c u r r in g ) .  
The  a s s u m p t io n  o f u n i fo rm  c o n d it io n s  d u r in g  d e p o s i t io n  is  t h e r e -
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5 IO
Magnetization.
15 15 2 0  2 0
F ig .  IV - 6 , A h i s to g r a m  of the  in te n s i ty  of m a g n e t iz a t io n  
of the  s a n d s to n e s  f r o m  th e  C a to m b a l  F o r m a t io n
fo re  s u s p e c t ,  b e c a u s e  th e  g e o lo g ic a l  e v id en c e  a lso  in d ic a te s
a l t e r n a t in g  p e r io d s  of tu rb u le n c e  and  c a lm .
C h ap t  e r  IV
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U P P E R  DEVONIAN REQ BEDS AND LAVAS FR O M  THE N. S. W. 
SOUTH COAST
5, 1 In the  v ic in i ty  of Tw ofo ld  B ay n e a r  the s o u th - e a s t  t ip  of 
A u s t r a l i a  e x p o s u r e s  of U p p e r  D evon ian  r e d  s e d im e n ts  and  la v a s  
o c c u r .
5. 2 G eology . T h e  U p p e r  D ev o n ian  l i e s  u n c o n fo rm a b ly  on 
o ld e r  P a la e o z o ic  s c h i s t s  and  s h a le s ,  and f o r m s  a b e l t  6 - 1 2  
m i le s  w ide ru n n in g  f r o m  th e  s o u th e r n  s id e  of Tw ofold Bay to 
n o r th  of M e r r im b u la .  It is  bounded  on th e  e a s t  by the  s e a  and 
on the  w e s t  by the  g r a n i t e s  of the  M onaro  T a b le la n d .  T he  
s e q u e n c e  was f i r s t  d e s c r ib e d  by C la rk e  (1860), P i t tm a n  ( 1880) 
and  C a rn e  (1896) but the  p r e s e n t  in t e r p r e t a t i o n  is  the  w o rk  of 
B row n (1930, 19 31) who h a s  d iv id ed  it  into t h r e e  s ta g e s  w hich  
a r e ,  f r o m  the  bottom  up:
1) T he  E d en  S tage , c o n s i s t in g  of a c id  ig n eo u s  ro c k s ;
2) th e  Y a lw al S tage , c o n ta in in g  d a r k  r e d  s i l t s to n e s ,  s h a le s ,  
buff and  r e d  g r i t s  and  s a n d s to n e s  w ith  in te rb e d d e d  r h y o l i t e s  
and  b a s a l t s ;
3) th e  L a m b ie  S tage , c o n s i s t in g  m a in ly  of m a r in e  c o n g lo m e ra te s  
g r i t s ,  s a n d s to n e s  and  q u a r t z i t e s .
F r e s h w a t e r  f o s s i l s  h a v e  b e en  found in the  Y alw al S tage  and 
m a r in e  f o s s i l s  in the  L a m b ie  S tage  and  g ive  the  ag e  fo r  both  S tag es  
a s  U p p e r  D evon ian . T he  E d e n  S tag e  i s  u n f o s s i l i f e r o u s  but i s
r e g a r d e d  a s  U p p e r  D ev o n ian  b e c a u s e  i t  f o r m s  a s t r a t i g r a p h ic  ' ^  
u n it  w ith  the  o v e r ly in g  S ta g e s .  A s e c t io n  showing the  seq u e n c e  
and  c o r r e la t io n  of the  U p p e r  D ev o n ian  ro c k s  f r o m  the  South C o as t  
i s  g iven  in F ig .  1. ( f r o m  B row n (1930) ).
5. 3 E d e n  S tage . F o u r  s p e c im e n s  of rh y o l i te  f r o m  the  E d en  
S tage  w e re  c o l le c te d  and  m e a s u r e d .  The r e s u l t s  b e fo re  and 
a f t e r  the  c o r r e c t io n  fo r  g e o lo g ic a l  d ip  a r e  g iven  in T a b le  1.
T h e s e  s p e c im e n s  p ro b a b ly  p o s s e s s  a  l a r g e  u n s ta b le  com p o n en t 
b e c a u s e  the  m e a n  d i r e c t io n  is  no t s ig n if ic a n t ly  d i f f e r e n t  f r o m  
th e  p r e s e n t  e a r t h ' s  f ie ld .
5. 4 Y a lw al S tage  S e d im e n ts .  T he  Y a lw al S tage  s e d im e n ts
( r e d  s a n d s to n e s  and sh a le s )  w e re  s a m p le d  f r o m  th e  s e a - c l i f f s  
to the  South of Mungano P o in t  (F ig .  2) w h e re  the  b ed s  of th is  
S tage  a r e  w ell d ev e lo p ed . E a r t h  m o v e m e n ts  d u r in g  the 
K an im b lan  o ro g en y  h av e  t i l t e d  the  b ed s  in th is  a r e a .
T h e  d i r e c t io n s  of m a g n e t iz a t io n  have  b e en  m e a s u r e d  and 
the  m e a n  d i r e c t io n  w ith  r e s p e c t  to the  bedd ing  and  the  h o r iz o n ta l  
p lan e  i s  g iven  in T a b le  2. In F ig .  3. the  m e a n  d i r e c t io n  and  the 
e r r o r  c i r c l e  i s  show n. T h e  d ip o le  f ie ld  and  the  g e o m a g n e t ic  
f ie ld  l ie  w ith in  the  e r r o r  c i r c l e  and th is  s u g g e s t s  th a t  the  r o c k  
m a y  w ell be u n s ta b le .
F o r  a  f u r t h e r  in d ic a t io n  of th e  s ta b i l i ty  ( o r  la c k  of it) the  
r e s u l t s  have  been  a n a ly s e d  in to  a w i th in - s i t e  and a b e tw e e n - s i te
142
se
ct
io
n 
sh
ow
in
g 
th
e 
se
qu
en
ce
 a
nd
 c
o
rr
el
at
io
n
 o
f 
th
e 
U
pp
er
 D
ev
ol
an
 r
o
ck
s
S« .a le  I fc3 3 € 0
NEW SOUTH
F ig . V - 2. T h e  G eology of th e  S outh  C o as t of N. S. W.
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.Mean d irec tion  of 
m a g n e t i z a t i o n
Geomagnetic  j-ield
F ig .  V - 3 . T he  m e an  d i r e c t io n  of m a g n e t iz a t io n  of the 
Y a lw al Stage s a n d s to n e s .  (W ith r e s p e c t  to  th e  h o r iz o n ta l )
T A B L E  V - 1
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A v e r a g e
H o r i z o n t a l  Bedding
D I D I
24 -55 318 -37
37 -5 4 320 -45
16 -48 32 3 -31
354 -42 324 -15
15 -51 321 -31
The  d i r e c t i o n  of m a g n e t i z a t i o n  of the  E d e n  R h y o l i t e s  
f r o m  the  E d e n  Stage ,  b e f o r e  and a f t e r  c o r r e c t i o n  fo r  the
geo lo g ica l  dip
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p r e c i s io n  (W atson  & I rv in g  (1957) ) fo r  the  h o r iz o n ta l  and with 
r e s p e c t  to th e  bedding  (T ab le  2). N a tu ra l ly  the  w i th in - s i te  va lue  
is  id e n t ic a l  in bo th  c a s e  (18. 8) bu t on c o r r e c t i n g  fo r  th e  
g e o lo g ic a l  d ip  the  b e tw e e n - s i t e  p r e c i s io n  u n d e rg o e s  a  s l ig h t 
change  f r o m  10. 3 to 9. 7, w hich  r e s u l t s  in a d e c r e a s e  in the  
o v e r a l l  p r e c i s io n  f r o m  123. 1 to 1 1 7 .6 .  T he  d e c r e a s e  canno t be 
r e g a r d e d  a s  s ig n if ic a n t  bu t it i s  no t su g g e s t iv e  of s ta b i l i ty .
5. 5 N ew lan d s  C r e e k  C o n g lo m e ra te .  A t N ew lan d s  C r e e k  
th e r e  is  a  c o n g lo m e ra te  in the  su c c e e d in g  L a m b ie  S tag e .  T he  
c o n s t i tu e n t  b o u ld e r s  a r e  r e d  s a n d s to n e s  and  s i l t s to n e s  s i m i l a r  in 
a p p e a r a n c e  to  the  s e d im e n ts  in the  Y a lw al S tage  f r o m  w hich  it 
s e e m s  l ik e ly  th ey  w e re  d e r i v e d .  T he  m a g n e t iz a t io n  of the  
b o u ld e r s  h a s  t h e r e f o r e  b een  s tu d ie d  in o r d e r  to t e s t  th e  s ta b i l i ty  
 ^ of m a g n e t iz a t io n  of the  s e d im e n ts  of the  Y a lw al S tage  (G ra h a m
(1949) ). T h e  r e s u l t s  a r e  g iven  in T a b le  3. and  they in d ic a te  a 
p r e f e r r e d  d i r e c t io n  of a l ig n m e n t  ( D = 297. 5, I = -8 0 . 5 ) a t  a 
0 .0 1  (W atson  (1956) ) p ro b a b i l i ty  l im i t ,  w hich  s u g g e s ts  th a t  
the  c o n g lo m e ra te  h a s  been  m a g n e t iz e d  s u b se q u e n t  to fo rm a t io n .  
T h is  r e s u l t  t o g e th e r  w ith  th e  fa c t  th a t  the  m a g n e t iz a t io n  
of the  Y a lw al S tage  s e d im e n ts  in s i tu  is  a lo n g  the  d i r e c t io n  of the  
g e o m a g n e t ic  f ie ld  (5. 4) s u g g e s t s  th a t  the  m a g n e t iz a t io n  of th e s e  
s e d im e n ts  i s  s e c o n d a ry  and  c o n se q u e n t ly  of no u se  in d e te r m in in g  
th e  b e h a v io u r  of the  g e o m a g n e t ic  f ie ld  a t  the  t im e  of t h e i r  
d ep o s i t io n .  H o w ev er ,  it  i s  w o rth y  of no te  th a t  the  p r e c i s io n  of
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the  c o n g lo m e r a t e s  is  3 .7  w h e r e a s  the  w i th in - s i t e  p re c i s io n  of 
the  Y a lw al S tage  s e d im e n ts  is  1 8 .8 .  T he  s c a t t e r  w ith in  the  
c o n g lo m e r a t e s  is  v e r y  m u c h  h ig h e r  than  in the  s e d im e n ts  in s itu , 
in d ic a t in g  th a t  the  b o u ld e r s  of th e  c o n g lo m e ra te  p o s s e s s  r e l i c s  
of p r i m a r y  m a g n e t iz a t io n  ( C r e e r  ( 1957) ).
5 .6  Y a lw a l S tage  B a s a l t s . T he  b a s a l t  flow s w hich o u tc ro p
a t  N e th e r c o te  V i l la g e  (F ig .  4) a r e  in te rb e d d e d  with s e d im e n ts  
f r o m  the  Y a lw al S tage  (F ig .  1). T he  s e d im e n ts  a r e  u n s tab le  
(5. 4) w h e r e a s  the  b a s a l t s ,  th e  r e s u l t s  of w hich  a r e  d e s c r ib e d  
below, a r e  c o n s id e re d  to  have  s ta b le  d i r e c t i o n s  of m a g n e t iz a t io n ,  
N e th e r c o te  V il lag e  i s  in the  u p p e r  r e a c h e s  of the  Y owaka 
r i v e r .  T he  geo logy  of th e  a r e a  h a s  been  d e s c r ib e d  by B row n 
(19 31). T he  b a s a l t s  o c c u r  in a t  l e a s t  two d i s t in c t  flow s but it  
i s  m o s t  l ik e ly  th a t  m an y  flow s a r e  p r e s e n t .  A to ta l  th ic k n e s s  
of o v e r  600 ft. h a s  been  s a m p le d  which is  c o n s id e r e d  su ff ic ien t  
fo r  a v e r a g in g  out the  s e c u l a r  v a r i a t io n .  C a r e  w as ta k e n  to 
s e le c t  on ly  f r e s h  o u tc ro p s  of b a s a l t  f r o m  new ro a d  c u tt in g s  and 
the  beds  of a c t iv e ly  d o w n -c u t t in g  s t r e a m s .  T he flow s a r e  i n t e r ­
bedded  w ith  r e d  f e r r u g in o u s  s a n d s to n e s ,  w hich  a r e  f la t  ly ing  
(B row n (19 31) ) and c o n se q u e n t ly  no c o r r e c t i o n  fo r  g eo lo g ic a l  
dip  is  n e c e s s a r y .  I t ,  d id  not p ro v e  p r a c t i c a b l e  to s a m p le  th e s e  
s a n d s to n e s  a t  N e th e r c o te  b e c a u s e  o f  the  p o o r  e x p o s u r e s .  On the 
w e s te r n  m a r g in  of the  b e l t  t i l t in g  h a s  o c c u r r e d  but no s a m p le s  
have  been  c o l le c te d  th e r e .
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5. 7 R e s u l t s .  The  d is t r ib u t io n  of s a m p l in g  s i t e s  is  shown
in F ig .  4. E ig h t  s i t e s  w e re  s a m p le d .  A t sev e n  s i t e s  c lo se  
a g r e e m e n t  be tw een  th e  d i r e c t io n s  of m ag n e t iza t io n  of s p e c im e n s  
f r o m  the  s a m e  s i te  w e re  found w h e re a s  a t  the  e igh th  s i te  t h e r e  
w as e v id en ce  of v a ry in g  d e g r e e s  of s ta b i l i ty  b e c a u s e  the  
m e a s u r e d  d i r e c t io n s  w e re  s t ru n g  out a long  the  g r e a t  c i r c l e  (F ig ,  5) 
(K aw ai (1951) ) jo in in g  th e  r e v e r s e d  d i r e c t io n  with the  p r e s e n t  
g e o m a g n e t ic  f ie ld  of 10. 4E, - 6 6 .8  fo r  the  a r e a .
F iv e  s i t e s  a r e  n o r m a l  and  two a r e  r e v e r s e d .  T he r e v e r s e d  
s i t e s  occupy  an in te r m e d ia te  s t r a t i g r a p h i c a l  le v e l  w ith in  the  
fo rm a t io n .  N o w h ere  w e re  m ix e d  p o l a r i t i e s  found a t  the  one s i te .  
In F ig .  6 the  m e a n  d i r e c t io n  of e ac h  of th e  s e v e n  s i t e s  i s  p lo t ted .  
S i te s  2 and 7, a l though  th ey  a r e  r e v e r s e d ,  h av e  been  shown a s  
n o r m a l  to a llow  c o m p a r i s o n  w ith  th e  d i r e c t io n  a t  th e  o th e r  s i t e s .  
F r o m  the  m e a n  s i te  d i r e c t io n s  th e  m e a n  d i r e c t io n  of the  
fo r m a t io n  D = 4. 5 E, I = -2 3. 4, and  the  cone of con fidence  
( s e m ia n g le  13.8) h a s  b e en  co m p u te d .  R e f e r e n c e  to  F ig .  6 show s 
th a t  the  m e an  d i r e c t io n  is  s ig n i f ic a n t ly  d i f f e r e n t  f r o m  the  d i r e c t io n  
of the  p r e s e n t - d a y  g e o m a g n e t ic  f ie ld .  The w i th in - s i t e  and 
b e tw e e n - s i t e  p r e c i s io n  h a s  b e e n  c a lc u la te d  (T ab le  4); the  
b e tw e e n - s i te  p r e c i s io n  i s  s ig n if ic a n t  ( s e e  C h a p te r  XI).
The s ta b i l i ty  of m a g n e t iz a t io n  of th e s e  b a s a l t s  is  su g g e s te d  
by the  a g r e e m e n t  of the  d i r e c t io n s  of m a g n e t iz a t io n  a t  each  s i te  
and  by the  l a r g e  a n g le s  th e s e  d i r e c t i o n s  m a k e  w ith  the  p r e s e n t  
g e o m a g n e t ic  f ie ld . T h e  o c c u r r e n c e  of bo th  n o r m a l  and  r e v e r s e d
151
NEW SOUTH
F ig ,  V - 4 . D i s t r ib u t io n  of s a m p l in g  s i t e s  in the  
N e th e r c o te  b a s a l t s
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F ig ,  V - 5. "S tr in g in g "  of th e  d i r e c t io n s  of m a g n e t iz a t io n  
f ro m  an  u n s ta b le  s i te  in th e  N e th e r c o te  b a s a l t s
N o r t h
C o n e  of- co n f id en t  
d f o o n d  f h «  m e i n  
d i r e c t i o n .
X P r e s e n t  g e o m a g n e t i c  
j-i e ld .
F ig ,  V - 6 , T he  m e an  d i r e c t io n  of m a g n e t iz a t io n  a t  e ac h  
of the  sev e n  s ta b le  s i t e  in the  N e th e r c o te  b a s a l t s
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d i r e c t i o n s  a l s o  im p l ie s  s ta b i l i ty .  S to tt  (u n p u b lish ed  work) h a s  
shown th a t  th e  r e v e r s e d  s p e c im e n s  do n o t  change  t h e i r  in te n s i ty  
o r  d i r e c t io n  of m a g n e t iz a t io n  in a l t e r n a t in g  f ie ld s  of up to 800 g a u s s .
In E n g lan d , c o n ta c ts  bak ed  by la v a s  and  s i l l s  ( E v e r e t t  in 
C legg  e t a l,  ( 19 57) ) have  b e en  u s e d  to  in d ic a te  s ta b i l i ty .  A 
s e a r c h  w as  m a d e  a t  N e th e rc o te  f o r  su i ta b le  b ak ed  c o n ta c ts  but 
none w e re  found.
In C h a p te r  IX it  is  shown th a t  the  d i r e c t io n  of m a g n e t iz a t io n  
of the  N e th e r c o te  b a s a l t s  is  c o n s i s te n t  w ith  the  E a r t h ' s  m a g n e t ic  
f ie ld  a r i s i n g  f r o m  a d ipo le  whose so u th  po le  lay  in th e  South 
A t la n t ic  o c ea n  (6 4 ,9  S, 19.6 W).
C h a p t e r  V 
R e f e r e n c e s
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DEVONIAN - CA RBO N IFEROU S RED BEDS O F VICTORIA
6. 1 Geology» In V i c t o r i a  an  o u tc ro p ,  100 m i s .  x 40 m is ,  
o f r e d  s a n d s to n e s  ra n g in g  in ag e  f r o m  U p p er  D evon ian  to L o w e r  
C a r b o n i f e ro u s ,  e m e r g e s  f r o m  u n d e r  the  K a in o zo ic  s e d im e n ts  in 
the  L a t r o b e  v a l le y  and  c o n t in u e s  n o r th  th ro u g h  the  E a s t e r n  h ig h ­
la n d s  a s  f a r  a s  the  h e a d w a te r s  o f  th e  King, D e la t i te  and  Howqua 
r i v e r s .  In F r e e s to n e  C r e e k  M cCoy ( 187 4) f i r s t  e x am in ed  the 
f o s s i l i f e r o u s  d e p o s i t s ,  w hich  he  though t to be D evon ian  and  l a t e r  
( 1876) he  ex tended  h is  c o l le c t in g  to Iguana  C r e e k  bu t a s  a r e s u l t  
of th e  w o rk  of M u r r a y  (1878) in the  s a m e  a r e a  the  p o s s ib i l i ty  of 
an  u n b ro k e n  s eq u e n c e  of U p p e r  D ev o n ian  and  L o w e r  C a rb o n i fe ro u s  
s e d im e n t s  b e c a m e  a p p a r e n t .  In th e  M an s f ie ld  and U pper  Avon 
d i s t r i c t s  (T e a le  (1919), S k e a ts  ( 1929), H il ls  (1931, 1935) )
U p p e r  D evon ian  and L o w e r  C a r b o n i f e ro u s  s e d im e n ts  have  b een  
found and D avid  (1950) s u g g e s t s  the  l ik e l ih o o d  of a  con tinuous  
s e q u e n c e .
The r e d  b ed s  u n c o n fo rm a b ly  o v e r l i e  M iddle D evonian  
l im e s to n e s  w hich w e re  s t ro n g ly  fo lded  in th e  T a b b e r a b b e r a n  o ro g e n y .  
In the  K an im b lan  o ro g e n y  (L o w e r  C a rb o n ife ro u s )  the  r e d  b ed s  w e re  
fo lded , but g e n e r a l ly  with sh a llow  d ip s ,  so th a t  a  fold t e s t  fo r  the  
s ta b i l i ty  of m a g n e t iz a t io n  of th e  s e d im e n ts  i s  not p o s s ib le .
öflAf]y /> \
sin ^
6 . 2 S am p lin g ,
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 ^ F r e s h  s a m p le s  w e re  c o l le c te d  f r o m  e leven
s i t e s  bu t of th e s e  only e ig h t  gave  c o n s i s te n t  r e s u l t s .  Of th e s e  
e igh t s i t e s  (F ig .  1) two w e r e  in r o a d  c u t t in g s  and s ix  f r o m  s t r e a m s ,  
w h ich  in th is  m o u n ta in o u s  a r e a  a r e  a c t iv e ly  dow ncu tting .
H ow ett  (1879) s p e a k s  of (p 27) " th e  c o n s ta n t  s u c c e s s io n  of g ra n d  
n a tu r a l  s e c t io n s  w hich th e  ro c k y  g o rg e s  . . . .  p r e s e n t " .  The 
th ic k n e s s  s a m p le d  is  in e x c e s s  of 1800 ft. and  even  though  it 
h a s  no t b e en  p o s s ib le  to c o r r e l a t e  b e tw ee n  s i t e s  i t  is  a lm o s t  
c e r t a i n  th a t  m u ch  of the  th ic k n e s s  h a s  been  sp an n ed  (F ig .  2).
F iv e  s i t e s  a r e  though t to be  L o w e r  C a rb o n i fe ro u s  and t h r e e  a r e  
U p p e r  D evon ian .
6. 3 R e s u l t s .  T he  d ire c t io n s  of m a g n e t iz a t io n  a t  t h r e e  s i t e s  
w e re  r a n d o m .  T he  v a lu e s  of w e r e  2. 4, 2. 1 and  3. 6 w hich fo r  
n in e ,  tw e lv e  and fo u r  s p e c im e n s  is  a r a n d o m  d is t r ib u t io n  
(W atson  1957) ). T he  d i r e c t io n s  a t  the  o th e r  e igh t s i t e s  a r e  no t 
r a n d o m  and a m e a n  d i r e c t io n  fo r  e a c h  h a s  b een  c a lc u la te d  with 
r e s p e c t  to the  h o r iz o n ta l  p la n e  (T a b le  1), and  the  bedd ing  p lane  
(T a b le  1, F ig .  3). F r o m  T a b le  1 i t  i s  a p p a r e n t  th a t  the  t i l t in g  
due to th e  K an im b lan  o ro g e n y  w as  s l ig h t .
The b e s t  e s t i m a te  of th e  w i th in - s i t e  p r e c i s io n  CO , 
is  15.7  (T ab le  2). T he  s ig n i f ic a n c e  o f  the  b e tw e s n - s i t e  p r e c i s io n  
ß>  is  ju d g ed  by an F  - t e s t  and  in bo th  c a s e s  (to the  bedd ing  and 
th e  h o r iz o n ta l )  the  r e s u l t  i s  no t s ig n if ic a n t  (T a b le  2). Such a
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/  ) •  </'  /  n r  m  ' " ' i i ' t n n *  i ' f  t h '  S  h ' i  "  • !  I H h J J *
M  t<  • f I • I .  U l  V • I
' la te *  an d  Sam U t ■ mes i S ilu r ia n  '<).
I oarse coligloiucru o.
R ed  S a n d s to n e .
}-'irwr e* nighm e r  ile
Rod sandstone  .tii'i r. 1 ■ I• i\ -hale.
h  A lternating red sandstone and 
nlalv shales, with two felutone
b ed s.
i  Mebiphyre.
k .  Coarse reddish «andaton«.
I’orphyritio and p e i r / in  rou* ielstoties. /. Qu rt* conglomerate.
Y ellow and  P a l .i' \ . I llcH.
Ihoyram  .Section acrost the Mitchell liiver near 7\
Mitchell RiTer.
a .  Tabhorabbera Shales (M iddle Devonian). 
h  Iguana Creek beds (U pper Devonian). 
c  Felstone sheet.
Diagram Section o f Group of Beds a t  Masciwmlitm Crteik.
a Quartalte.
b. Coarae qua rt! and slate oonglome- 
rate.
t  Cuarae m U w ti aandatonea with 
pebWv band*
d. P o rp h jritH , quartadkrooa, 
and eoneratM aarj f a k a n n ,  
t .  Shales
/  Q u a rk  m afl in k ii 
y SandsMM* «4th pshMsa.
F ig ,  VI - 2. A c r o s s - s e c t i o n  th ro u g h  the  D evon ian  re d  b ed s  
of V ic to r ia
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F ig .  VI - 3 . T he  d i r e c t io n  of m a g n e t iz a t io n  of the  r e d  b ed s ,  
w ith r e s p e c t  to  the  b ed d in g
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T A B L E  VI - 1.
S i tes Map r e f e r e n c e D i r e c t io n  of m a g n e t i z a t i o n .  
H o r i z o n ta l - w i  s e  b e d d in £ - w i s e
D I K D I
M a n s f i e ld
❖
W ar b u r to n 22. 1 -70 .  6 70. 3 24. 3 - 7 1 . 2
B u t t e r c u p  C r e e k W a r b u r to n 359. 1 -66 .  3 83. 3 357. 6 -64 .  0
M e r r i j i g  R oad W a r b u r to n 32. 6 - 5 9 . 4 5. 5 32 .6 -59 .  4
Upp. D e la t i t e W a r b u r t o n 19. 1 -57 .  0 13. 2 7. 6 -54 .  5
L o w e r  D e la t i t e W a r b u r to n 12. 5 -60 .  3 54. 3 2 2 .5 -57 .  7
J a m i s o n  R i v e r W a r b u r to n - -
U p p e r  J a m i s o n W a r b u r to n 6. 5 -64. 2 1 1 . 4 59. 9 - 3 1 . 8
T r a p y a r d  Hi l l W a r b u r to n - -
M o ro k a  R i v e r W a r b u r to n 22. 1 - 6 2 .5 5. 7 23. 6 -60 .  4
Iguana C r e e k B a i r n s d a l e  
530000 E, 
35 0000 N
34. 2 -73 .  4 23. 7 34.2 i CO
F r e e s t o n e  C r e e k B a i r n s d a l e
507000E,
344000N
- -
T h e  d i r e c t i o n  of m a g n e t i z a t i o n  of th e  Devonian  r e d  b e d s  of 
V i c t o r i a  with r e s p e c t  to the  h o r i z o n t a l  and  b edd ing  p l a n e s .  T h e  
W a r b u r to n  s h e e t  h a s  not b e e n  m a p p e d  on g r id  c o o r d i n a t e s .
M
ea
n 
d
ir
ec
ti
o
n
 o
f 
M
ag
ne
ti
za
ti
on
164
165
r e s u l t  i s  m o s t  u n u su a l  fo r  a  r o c k  fo r m a t io n  f r o m  which s a m p le s  
h a v e  b e en  ta k en  so  a s  to be s p r e a d  o v e r  an  in te r v a l  of t im e  a s  
lo n g  a s  the  U p p e r  D evon ian  and  L o w e r  C a r b o n i f e ro u s .
T he la c k  of a s ig n if ic a n t  b e tw e e n - s i t e  v a r ia t io n  Jä  , 
m e a n s  th a t  e v e r y  sa m p le  f r o m  the  V ic to r ia n  r e d  beds  of U p p er  
P a la e o z o ic  age  h a s  been  ta k e n  f r o m  a u n ifo rm  p o p u la tion  and 
th a t  t h e r e  is  no r e a l  d i f f e r e n c e  b e tw een  the  m e a n  d i r e c t io n s  of 
m a g n e t iz a t io n  ob ta in ed  f r o m  e ac h  s i te .  T h is  m ay  be in t e r p r e t e d  
in fo u r  w ays .
1) The s e d im e n ts  w e re  m a g n e t iz e d  on d e p o s i t io n  but t h e r e  
w as  no s e c u l a r  change in th e  g e o m a g n e t ic  f ie ld  d u r in g  the  U pper  
D evon ian  and L o w e r  C a r b o n i f e ro u s  t im e s .  Such an  ad  hoc 
h y p o th e s i s  does  not a c c o rd  w ith  p r e s e n t  day e x p e r ie n c e  n o r  with 
o th e r  p a la e o m a g n e t ic  r e s u l t s  in w hich  a s ig n if ic a n t  j 3  o c c u r s .  
F o r  in s ta n c e ,  the  N e th e r c o te  b a s a l t s  (C h a p te r  V) g ive  an 
e s t im a te d  v a lue  fo r  y3 s i m i l a r  to the  p r e s e n t  day v a lu e  ( s e e  
C h a p te r  XI). F r o m  a t h e o r e t i c a l  po in t of view  the  a b s e n c e  of 
s e c u l a r  v a r ia t io n  s e e m s  u n l ik e ly  s in c e  m a g n e to h y d ro d y n a m ic a l  
th e o r i e s  do not a d m i t  of th e  g e n e r a t io n  of a g e o m a g n e t ic  f ie ld  by 
a flow p a t te r n  p o s s e s s in g  r o ta t io n a l  s y m m e t r y  (C ow ling  (1933) ).
2) T he  s e d im e n ts  w e re  m a g n e t iz e d  on d e p o s i t io n  but the  
e n t i r e  th ic k n e s s  w as la id  down in a t im e  m u c h  l e s s  than  the  p e r io d  
of s e c u l a r  v a r ia t io n .  T he  v a r i e ty  of r o c k  ty p e s  and the  v e ry  
th ic k n e s s  of the  b e d s  w hich  s p r e a d  f r o m  th e  U p p e r  D evon ian  to
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th e  L o w e r  C a r b o n i f e ro u s  in d ic a te  th a t  m i l l io n s  of y e a r s  w e re  
r e q u i r e d  fo r  th e s e  t e r r e s t r i a l  la k e  d e p o s i t s  to a c c u m u la te .
A n o th e r  d iff icu lty  in the  way of th i s  h y p o th e s i s  is  the  p r e s e n c e  
of a  s ig n if ic a n t  w i th in - s i t e  p r e c i s io n  ( cO = 15 .7  ) .
3) ..The whole  fo r m a t io n  w as  m a g n e t iz e d  a f t e r  d e p o s i t io n
in  a  t im e  s h o r t  c o m p a r e d  to  th e  s e c u l a r  v a r ia t io n .  The p r e s e n c e  
of d o es  not su p p o r t  th i s  p o s s ib i l i ty  but i t  does  no t p re c lu d e  
it s in c e  u> m a y  have  o r ig in a te d  in m in o r  in s ta b i l i ty .
4) S u b seq u en t to d e p o s i t io n ,  the  s e d im e n ts  a t  e a c h  s i te  w e re  
m a g n e t iz e d  c o n te m p o ra n e o u s ly  but in a t im e  v e ry  m u c h  lo n g e r  
th an  the  p e r io d  of s e c u l a r  v a r ia t io n .  T h is  m e th o d  of m a g n e t ­
iz a t io n  would p e r m i t  a w i th in - s i t e  p r e c i s io n  of the  o r d e r  
o b s e r v e d ,  H aigh  (1958) h a s  d i s c u s s e d  a c h e m ic a l  p r e c e s s  
w h e re b y  r o c k s  m a y  be p e r m a n e n t ly  m a g n e t iz e d  a f t e r  d ep o s i t io n  
a n d  a t  low t e m p e r a t u r e s  and  i t  i s  a p o s s ib i l i ty  th a t  th e s e  ro c k s  
h a v e  b e en  m a g n e t iz e d  s lo w ly  by c h e m ic a l  m a g n e t iz a t io n .  T h is  
h y p o th e s is  is  the  m o s t  p ro b a b lg  of the  fo u r  g iven .
6. 4 In te n s i ty  of M a g n e t iz a t io n . T he  d i s t r ib u t io n  of in t e n s i t i e s  
i s  shown in F ig .  4. T h e  d a ta  h av e  b e e n  f i t ted  to th e  g a m m a  
d is t r ib u t io n  g iven  in C h a p te r  III - 5, and  the  b e s t  fit  w as found fo r  
<X = 2, 0507 and  ß> = 2. 1526 and  a X . - t e s t  show s th a t  the  
fit  i s  e x t r e m e ly  good. It w ould  s e e m  f r o m  the  a r g u m e n ts  
p r e s e n te d  in C h a p te r  III th a t  th e  m a g n e t iz a t io n  of the  r e d  b ed s  of 
V ic to r ia  a r i s e s  p r in c ip a l ly  f r o m  a s in g le  com po n en t .
4F ig .  IV - 4. H i s to g r a m  of the  in te n s i t i e s  of m a g n e t iz a t io n  
f ro m  the  r e d  b ed s  of V ic to r ia
6. 5 S ta b i l i ty .  T he  a b s e n c e  of any  be tw een  s i te  v a r ia t io n
s u g g e s t s  th a t  the  m e a s u r e d  d i r e c t io n s  of m a g n e t iz a t io n  a r e  not 
p r i m a r y  but t h r e e  l in e s  of ev id en c e  su g g e s t  th a t  the  m a g n e t iz a t io n  
is  s ta b le .
1) D e v ia t io n  T e s t ,  T he  F o r m a t io n  is  m a g n e t iz e d  in a  
d i r e c t io n  s ig n if ic a n t ly  d i f f e r e n t  f r o m  the  p r e s e n t  g e o m a g n e t ic  
and  d ipo le  f ie ld  (F ig ,  3). T h is  in d ic a te s  th a t  the  r e la x a t io n  t im e  
m u s t  e x ceed  s e v e r a l  m i l l io n  y e a r s .
2) T he  a b s e n c e  of s t r in g in g  (F ig ,  5) £  f o r  de fin i t io n  see
3.67
3) H igh  c o e r c iv e  fo r c e .  A ll  the  s p e c im e n s  f r o m  the  M a n s ­
f ie ld  s i te ,  a f t e r  m e a s u r e m e n t ,  w e re  p la c e d  in an  a l te r n a t in g  
m a g n e t ic  f ie ld  of 200 o e r s t e d  w hich  w as s low ly  r e d u c e d  to z e r o .  
D e sp i te  th is  t r e a t m e n t  the  in te n s i ty  and  d i r e c t io n  of m a g n e t iz a t io n  
w as  u n a ffec ted .  The h igh  c o e r c iv e  fo r c e  s u g g e s ts  th a t  the  
h e m a t i te  (? )  i s  in the  fo r m  of fine  g r a in s  w hich a r e  undoub ted ly  
g r e a t e r  than  th e  c r i t i c a l  s i z e  be low  w hich  the  m a g n e t ic  s ta b i l i ty  
is  a f fec ted  by th e r m a l  f lu c tu a t io n s .  (M eik le jo h n  (1953), 
B ru c k sh a w  & R ao (1950) ).
6 .6  S o u rc e  of the  F e r r o m a g n e t i c  M a te r ia l .  T he  r e d  b ed s
m a y  have  b een  d e r iv e d  f r o m  e i th e r  p r e - e x i s t i n g  r e d  b e d s  o r  f r o m  
th e  w e a th e r in g  and ox id a tio n  of ig n eo u s  r o c k s ,  but n o w h e re  in the
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l i t e r a t u r e  h a s  th is  q u e s t io n  b e e n  in v e s t ig a te d .
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F ig .  VI - 5. In d iv idua l d i r e c t io n s  of m a g n e t iz a t io n  f r o m  the  
r e d  beds  of V ic to r ia  show ing th e  l a c k  of s t r in g in g
A ge of M ag n e tiza t io n  - A D is c u s s io n  of R e s u l t s .
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6. 7
T he  r e d  beds  a p p e a r  not to have  b e en  m a g n e t iz e d  on d e p o s i t io n  
but they  a p p e a r  to h av e  a c q u ire d  a t e n a c e o u s  s e c o n d a r y  co m p o n en t 
a t  so m e  s u b se q u e n t  t im e .  The d iff icu l ty  is  to know a t  w hat t im e  
th is  w as  a c q u i r e d .  Howell & M a r t in e z  ( 1957) e x a m in e d  the  
p a la e o m a g n e t ic  p r o p e r t i e s  of the C a m b r ia n  S aw a tch  fo r m a t io n  
f r o m  C o la ra d o  and  on the  b a s is  of the  d e v ia t io n  t e s t ,  s t a b i l i ty  
is  in d ic a ted ,  bu t it  a p p e a r s  f ro m  th e  d i r e c t io n s  o b s e r v e d  th a t  
th e  fo r m a t io n  w as  m a g n e t iz e d  a t  the  end of the  P a la e o z o ic  and 
not a t  the  t im e  of d ep o s i t io n .  T he  r e d  b e d s  of V ic to r ia  could  
be a c o m p a r a b le  c a s e ,  i. e, a l though  th e  r e d  b ed s  w e re  d e p o s i te d  
in the  U p p e r  D ev o n ian  and  L o w e r  C a r b o n i f e ro u s  the  b e d s  could  
have  b e en  m a g n e t iz e d  in the  M iddle C a r b o n i f e ro u s  (? )  o r  in 
the  T e r t i a r y  ( I rv in g  & G re e n  (1958) ) when the  in c l in a t io n  of 
the  m a g n e t ic  f ie ld  is  thought to have  b e en  s i m i l a r  to the  a v e r a g e  
d i r e c t io n  of m a g n e t iz a t io n  of the  r e d  b e d s .
C h a p t e r  VI 171
R e f e r e n c e s
B ru c k sh a w ,  J .  M . , & Rao, B. V. (1959), P r o c ,  P h y s .  S o c . ,
6 3B, 931
Cowling, T„ G . , ( 1933), Mon, Not. Roy. A s t r o n .  S o c , ,  94, 39
David ,  T. W. E . ,  (1950),  Geology of the  C o m m o n w e a l th  of 
A u s t r a l i a ,  A rno ld .
Haigh, G . ,  (19 58), P h i l .  M ag . ,  3, 26 7
H i l l s ,  E.  S . ,  (1931),  Geol ,  M a g , , 68 , 206
H i l l s ,  E .  S . ,  (1935),  P r o c .  Roy. Soc,  V ic to r i a ,  47, 158
Howel l ,  L. G . , & M ar t in iz ,  J . D . ,  ( 1957), G e o p h y s i c s ,  22 , 384
Howet t ,  A. W . ,  (1879),  Q u a r t .  J o u r n ,  Geo. S o c . , 35, 1
I rv ing ,  E . ,  & G r e e n ,  R . ,  (1958), Geophys .  J o u r n . , 1, 6 4
McCoy, F . ,  (18 74), Geol.  Su rvey  V i c . ,  P r o g r e s s  R e p o r t ,  2, 72
M eik le john ,  W. H . , ( 1953), Rev.  Mod. P h y s . , 25, 302
M u r r a y ,  R. A. F . , ( 1878), Geol.  S u rvey  Vic,  P r o g r e s s  R e p o r t ,  
_5, 44
Nee l ,  L . , (1949),  Ann ,  de G e o p h y s . , 5, 99
Nee l ,  L . , ( 1955), A dv .  in P h y s . ,  4, 191
S k ea ts ,  E .  W . , (1929),  P r o c .  Roy. Soc. V ic to r i a ,  41, 97
T e a le ,  E . O . ,  (1919),  P r o c .  Roy. Soc.  V ic to r i a ,  32, 67
C H A P T E R  VII 172
SILURO DEVONIAN IGNEOUS ROCKS O F THE 
CANBERRA DISTRICT
7. 1 I n t r o d u c to r y  S ta tem en t
7 2 G eology  and Sam pling
7. 3 R e s u l t s
7. 4 S tab il i ty
7. 5 A n a ly s i s  of D is p e r s io n
7 .6 S u m m a r y  of D ire c t io n  R e s u l ts
7 .7 R e v e r s a l s
7. 8 A Note on the  W alk e r  M em b er
7. 9 T he  Duro P o r p h y ry
7. 10 R e s u l t s
7. 11 S u m m a ry
C H A P T E R  VII 173
SILURO-DEVONIAN IGNEOUS ROCKS O F  TH E CANBERRA 
D IST R IC T
7 .1  In the  A u s t r a l i a n  C a p i ta l  T e r r i t o r y  igneous  r o c k s  of 
U p p e r  S i lu r ia n  and L o w e r  D evon ian  age  a r e  w id e s p re a d  and 
p r e s e n t  in g r e a t  th ic k n e s s .
7. 2 G eo logy  and  S a m p lin g . T he  geology of the  C a n b e r r a  
D i s t r i c t  h a s  been  d e s c r ib e d  by N oakes  & O pik  (1954). The a r e a  
h a s  b een  m ap p ed  by the  B u re a u  of M in e ra l  R e s o u r c e s ,  G eology  
and  G e o p h y s ic s  and p u b lish ed  a s  the  C a n b e r r a  1:273 440 sh e e t  
(F ig .  1).
S e v e ra l  ig n eo u s  fo r m a t io n s  have  b een  s a m p le d .  The 
o ld e s t  fo rm a t io n  is  the  D eak in  V o lc an ic s  of U p p e r  S i lu r ia n  ag e .
To th e  w e s t  of C a n b e r r a  a r e  the  U r i a r r a  V o lc a n ic s  (W a lk e r  
M e m b e r ,  Sw am p C re e k  M e m b e r  and the  M ountain  C r e e k  M em ber)  
w h ich  a r e  4 - 5000 ft. in th i c k n e s s .  The two lo w e r  m e m b e r s  a r e  
U p p e r  S i lu r ia n  and  the  M ountain  C re e k  V o lc a n ic s  a r e  L o w e r  
D evon ian . The Mt. P a i n t e r  P o r p h y ry  is  a s i l l  w hose  th ic k n e s s  
is  g r e a t e r  than  650 ft. The age  of the  Mt. P a i n t e r  P o r p h y r y  is  
though t to be U p p e r  S i lu r ia n .  T he  Mugga P o r p h y r y  ( P i t tm a n  (1911) ) 
is  an  in t r u s iv e  s to ck , in je c te d  s h o r t ly  a f t e r  th e  Bowning o ro g e n y  but 
su b se q u e n t  to the  Mt. P a i n t e r  p h a se .  D a llw itz  (1949) h a s  d e s c r ib e d  
i t  a s  a m e d iu m  g round , d a rk ,  m a s s iv e  ro ck , c o n s t i tu t in g  the
174
I
i n  i ) F
ig
. 
V
II
 -
 
1.
 
T
he
 g
eo
lo
gy
 o
f 
th
e 
C
an
b
er
ra
 D
is
tr
ic
t
175
/  ; Z
F ig ,  VII - 2. S am p lin g  s i t e s  fo r  th e  Igneous  r o c k s  of the  
C a n b e r r a  D i s t r i c t
i n t r u s i v e  s to c k  of the  Mugga Mugga R idge . L a s t ly ,  t h e r e  a r e  
th e  A in s l i e  V o lc an ic s  w hich N oakes  & Opik (1954) c o n s id e r  to be 
L o w e r  D ev o n ian  w h e re a s  D r .  W. R. B row ne (p r iv a te  c o m m u n ica tio n )  
c o n s i d e r s  th a t  they  could a ls o  be U p p er  S i lu r ia n .
T h e  th ic k n e s s  sam p led  and the l ik e ly  t im e  seq u e n c e  of 
t h e s e  u n i ts  is  g iven below:
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1 . M ounta in  C re e k  V o lcan ic s 40 ft L r .  D evon ian
2. A in s l ie  V o lcan ic s 200 ft  kF
Up. S i lu r ia n
3. M ugga P o rp h y ry 30 ft
L r .  D evon ian
4. Mt. P a in t e r  P o rp h y ry 30 ft ,
5. S w am p C re e k  M em b e r 40 f t ' 1
6. W a lk e r  M em b e r  (C o tte r) 15 ft Up. S i lu r ia n
7. W a lk e r  M em b e r  ( U r i a r r a ) 10 ft
8. D eak in  V o lcan ic s 50 ft \
7. 3 R e su l ts .  A l to g e th e r  e igh ty  s a m p le s  h av e  been
c o l le c te d  and  the  m e an  d i re c t io n  of m a g n e t iz a t io n  of e ach  un it 
i s  g iven  in T a b le  1. In ob ta in ing  the  o v e ra l l  m e a n  d i r e c t io n  of 
m a g n e t iz a t io n  of the  v o lc a n ic s  (T ab le  2) e ac h  of the  e igh t g ro u p s  
h a s  b e en  t r e a t e d  a s  a un it s i te  a lthough  s a m p le s  have  in s o m e  
c a s e s  b e en  ta k e n  f ro m  a n u m b e r  of lo c a l i t i e s  w ithin  eac h .  It 
is  r e a l i z e d  th a t  the  p ro c e d u r e  adopted  ten d s  to be c o n s e rv a t iv e  
in the  e s t im a t io n  of the  o v e ra l l  p r e c i s io n  but ju s t i f ia b le ,  b e c a u s e  
a l l  th e  u n i ts  a r e  ig n eo u s  and each  of the  m e a s u r e d  d i r e c t io n s  is  
bu t a  sp o t  r e a d in g  in t im e ,  p e r tu r b e d  by the  s e c u l a r  v a r ia t io n .
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F ig ,  VII - 3. T he  m e a n  d i r e c t i o n s  of m a g n e t iz a t io n  of the  
m e m b e r s  of the  Igneous  r o c k s  of C a n b e r r a
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T he  fo r m a t io n s  s in ce  they  span  U pper  S i lu r ia n  to  L o w e r  
D ev o n ian  a r e  s e p a ra te d  f ro m  one a n o th e r  by long  p e r io d s  of 
t im e  d u r in g  w hich  the ro ta t io n a l  (C h a p te r  IX) a s  w ell a s  the  
g e o m a g n e t ic  pole  m ay  w ell have  m oved ,
7. 4 S ta b i l i ty .  The fo rm a t io n s  w e re  t i l te d  (d ip s  up to 40° 
o c c u r )  by e a r th  m o v e m e n ts  a s s o c ia te d  w ith th e  T a b b e r a b b e r a n  
o ro g e n y  (B ro w n e  (1947) ). W hen a llo w an ce  is  made f o r  the  
t i l t in g  i t  i s  found that the  unfolding i n c r e a s e s  the  o v e r a l l  p r e c i s io n  
of th e  d i r e c t io n s  of m a g n e t iza t io n  k  , f r o m  33 to 47 w hich  
s u g g e s t s  a  p r e - T a b b e r a b b e r a n  age  fo r  the  m a g n e t iz a t io n .  T he  
p r e c i s io n  a f t e r  unfolding is  not h igh but th is  is  l a r g e ly  a c c o u n te d  
f o r  by th e  low ( fo r  igneous ro ck s)  w i th in - s i t e  p r e c i s io n  go , 
(T a b le  1) w hich  is  b rough t about by t r e a t in g  M e m b e rs ,  w hich  
p ro b a b ly  in c lu d e  a n u m b e r  of flows, a s  s in g le  s i t e s .  It h a s  
a l s o  to be no ted  th a t  the  b e d d in g - s t r ik e s  a r e  a p p ro x im a te ly  in 
the  d i r e c t io n  of m a g n e t iz a t io n  so th a t  unfo ld ing  d o es  no t  a f fe c t  
g r e a t ly  th e  d i r e c t io n s .  The m ean  d i re c t io n  of th e s e  ig n eo u s  
ro c k s  d i f f e r s  f r o m  the p r e s e n t  day g e o m a g n e t ic  and  d ipo le  f ie ld  
(F ig .  3) by a p p ro x im a te ly  30°. F o r  the  in d iv id u a l  fo r m a t io n s ,  
f o r  in s ta n c e ,  it  i s  30° fo r  the  Mugga Mugga P o r p h y r y  and  120° 
fo r  the  S w am p C re e k .  T h is  is  s t ro n g  ev id en c e  fo r  s ta b i l i ty .
I t  is  a p p r o p r ia t e  to m en tion  so m e  m e a s u r e m e n t s  on the  
v a r ia t io n  of s a tu r a t io n  m a g n e t iz a t io n  w ith  t e m p e r a t u r e  w hich  w e re  
m a d e  a t  m y  r e q u e s t  by M r. L . P a r r y  of the  U n iv e r s i ty  of New
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F ig .  VII - 4 . T h e  m e a n  of e ac h  of th e  e igh t s i t e s  and th e  
o v e r a l l  m e a n  fo r  the  Igneous  r o c k s  of the  C a n b e r r a  d i s t r i c t
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South W a le s .  Two s a m p le s  of Mugga P o r p h y r y  each  p o s s e s s e d  
a s in g le  m a g n e t ic  com ponen t with a C u r ie  P t .  of 56 5°C and thus  
a p p e a r  to be a su i ta b le  ro c k  fo r  p a la e o m a g n e t ic  w o rk  (K aw ai 
(1955) ). Two s a m p le s  f r o m  the  A in s l ie  V o lc a n ic s  a p p e a re d  to 
h av e  t h r e e  c o m p o n en ts  w ith  C u rie  p o in ts  150°C ( t i t a n o m a g n e t i t e ? ) , 
300°C (p y r rh o t i te )  and  540°C (m ag n e ti te ) .
T h ro u g h o u t  th e  a r e a ,  baked c o n tac ts  to  t e s t  fo r  s ta b i l i ty ,  
w e re  looked  fo r ,  bu t su i ta b le  e x p o su re s  w e re  n o t  found.
7 .5  A n a ly s i s  of D i s p e r s io n .  The w i th in - s i t e  p r e c i s io n  6ü ,
h a s  a v a lu e  of 12. 4 (T ab le  2) which is  l e s s  th an  n o r m a l  fo r  
igneous  r o c k s  bu t it m ay  well be b e c a u se  t h e r e  could  be s e v e r a l  
flow s in each  u n it .
T he  b e tw e e n - s i t e  p re c i s io n  , is  s ig n if ic a n t ly
im p r o v e d  by un fo ld ing  but even so, is  not h igh . T h is  could  be 
due to s e c u l a r  v a r ia t io n  ( s e e  C h a p te r  XI fo r  a fu ll d is c u s s io n )  
a n d / o r  p o la r  w an d er in g  d u r in g  the  t im e  sp an n ed  by th e s e  v o lc a n ic s  
w h ich  m ay  be of th e  o r d e r  of 50 x 10 y e a r s .
7 .6  S u m m a r y  of D ire c t io n  R e s u l t s .  T he  igneous  r o c k s  of 
the  C a n b e r r a  d i s t r i c t  a r e  c o n s id e re d  s tab le  and  a f t e r  c o r r e c t io n  
fo r  g e o lo g ic a l  dip  the  o v e ra l l  m ean  d i re c t io n  of m a g n e t iz a t io n  h a s  
been  d e te r m in e d  (T ab le  2, F ig ,  4). The cone of co n fidence  
( s e m i - a n g le  CX = 2 0 . 6 )  i s  l a r g e  but c o n s e rv a t iv e .  B e c a u se  
t h e r e  i s  s t ro n g  e v id en ce  of s ta b i l i ty  the  m e a n  d i re c t io n ,
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D = 12. 3, I = - 3 6 .5  is  in d ic a t iv e  of the  g e n e r a l  d i r e c t io n  
of the  g e o m ag n e t ic  fie ld  d u r in g  the  U pper  S i lu r ia n  and  L o w e r  
D evon ian , but in o r d e r  to e lu c id a te  the  fine  s t r u c t u r e  of the  
m o v e m e n t  of the  po le , d e ta i l  s am p l in g  on o th e r  fo r m a t io n s  
( p r e f e r a b ly  w e l l -d a te d  f o s s i l i f e ro u s  s e d im e n ts )  w ill  be n e c e s s a r y .  
F r o m  th is  m e an  d i re c t io n  the  pole p o s i t io n  h a s  b een  c a lc u la te d  
an d  it l i e s  to th e  sou th  of South A f r i c a  (71. 4S, 7. 8E).
7 .7  R e v e r s a l s  The Swam p C r e e k  M e m b e r  i s  r e v e r s e d  
w h e r e a s  a l l  th e  o th e r  m e m b e r s  and fo r m a t io n s  a r e  n o r m a l .
T he  p o s s ib i l i ty  of th is  being a p e t ro lo g ic a l  r e v e r s a l  ( N a g a ta  ( 1953), 
N eel (1954) ) h a s  no t been  in v e s t ig a te d .  If th e  r e v e r s a l  in th is  
r o c k  fo r m a t io n  m a y  be iden tif ied  with a r e v e r s a l  in the  g e o ­
m a g n e t ic  f ie ld , a f ie ld  r e v e r s a l  to w a rd s  the  end of the  S i lu r ia n  
p e r io d  is  in d ic a ted ,
7 .8  A Note on th e  W alk e r  M e m b e r . T he  W a lk e r  M e m b e r  h a s  
been  g e o lo g ic a l ly  m ap p ed  f ro m  the C o t te r  R iv e r  to beyond  
U r i a r r a  C r o s s in g .  At the C o t te r  R iv e r  it a p p e a r s  to c o n s is t
of s u b - a e r i a l  f low s, w h e re a s  on the  b an k s  of th e  M u r ru m b id g e e  
a t  U r i a r r a  C r o s s in g  it has am b ig u o u s  c h a r a c t e r i s t i c s ,  be ing  
undoubted ly  in t r u s iv e  in i ts  fie ld  r e la t io n s  bu t tu f fa c e o u s  in 
th in  s e c t io n  (W. R, B row ne, p r iv a te  c o m m u n ic a t io n ) .  A f te r  
c o r r e c t i n g  the  r e s u l t s  f ro m  the  C o t te r  fo r  d ip  (o b ta in ed  f r o m  
flow banding) the  d i r e c t io n  of m a g n e t iz a t io n  w as  only 4° (m u ch
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l e s s  than  the  e x p e r im e n ta l  e r r o r )  aw ay  f r o m  the  m e a n  d i r e c t io n  
o b s e r v e d  a t  U r i a r r a  C ro s s in g .
7 .9  T he D u ro  P o rp h y ry  In the  b ed  of th e  Y a s s  R iv e r  a t  
Y a s s ,  th e  D u ro  P o rp h y ry ,  a s to c k - l ik e  in t r u s io n  of S i lu r ia n  age, 
o u tc ro p s  and s a m p le s  have  been  c o l le c te d  f r o m  two s i t e s  which 
a r e  s e p a r a te d  by 6 - 700 y d s .
T he  r e s u l t s  have been  inc luded  in th i s  c h a p te r  fo r  
co n v en ien ce  bu t they  have not been  co m b in ed  w ith  the  r e s u l t s  of 
th e  ig n eo u s  ro c k s  of the C a n b e r r a  d i s t r i c t  b e c a u s e  the  D u ro  
P o r p h y r y  is  though t to be m uch  o ld e r  th an  the  f o r m a t io n s  s tu d ie d  
a t  C a n b e r r a ,  and f u r th e r m o r e  it o u tc ro p s  38 m is  aw ay  f ro m  
C a n b e r r a .
7. 10 R e s u l t s  A t both s i t e s  th e  r o c k  h a s  b e en  s l ig h t ly  t i l te d  
(d ip  o b ta in ed  f r o m  Brown ( 1954) ). A f te r  c o r r e c t i o n  fo r  the  
t i l t in g  the  m e a n  d i re c t io n  of m a g n e t iz a t io n  is  D = 306. 1,
I = -1 0 .6  (F ig .  5). The s ta b i l i ty  of m a g n e t iz a t io n  is  im p l ie d  
b e c a u s e  a t  bo th  s i t e s  the  d i r e c t io n s  of m a g n e t iz a t io n  a r e  v e r y  
g r e a t ly  d i f f e r e n t  f r o m  the  p r e s e n t  g e o m a g n e t ic  and  d ipo le  f ie ld s  
(F ig .  5).
T he  w i th in - s i t e  p re c is io n ,  oJ  , is  1 9 .0 .  F o r  the  
b e tw e e n - s i te  p r e c i s io n  j2> , an  F  - t e s t  show s th a t  the  m e a n
d i r e c t io n s  fo r  both  s i t e s ,  b e fo re  and a f t e r  c o r r e c t i n g  fo r  the  s m a l l  
d i f f e r e n c e s  b e tw een  th e i r  g eo lo g ica l  d i p s , a r e  not s ig n if ic a n t ly
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F ig ,  VII - 5. T he  .d i r e c t io n  of m a g n e t iz a t io n  of s a m p l e s  
f ro m  the D uro P o r p h y ry
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d i f f e r e n t ,  It i s  no t p o s s ib le ,  t h e r e f o r e ,  to  d ra w  de f in i te  
c o n c lu s io n s  abou t th e  s ta b i l i ty  of th e  D u ro  P o r p h y r y  f r o m  th is  
e v id e n c e .  T h e r e  a r e  a  n u m b e r  of p o s s ib i l i t i e s  w hich m a y  a c c o u n t  
fo r  the  la c k  of any  s ig n if ic a n t  d i f f e r e n c e  b e tw een  the  m e a n s  of 
the  two s i t e s  (C h a p te r  VI, 6. 3 ) but the  m o s t  l ik e ly  
ex p lan a t io n  is  th a t  th e  two s i t e s  b e c a m e  m a g n e t iz e d  a t  a p p r o x ­
im a te ly  th e  s a m e  t im e .  In th is  c a s e ,  a s s u m in g  th a t  th e  E a r t h ' s  
f ie ld  d u r in g  th e  S i lu r ia n  w as  s u b je c t  to s e c u l a r  v a r ia t io n  a s  now - 
days, the  m e a n  d i r e c t io n  would c o n ta in  a l a r g e  n o n -d ip o le  
co m p o n en t .
7 .1 1  S u m m ary . T h e  P o r p h y r y  a p p e a r s  to be s ta b le  and
t h e r e f o r e  su i ta b le  fo r  p a la e o m a g n e t ic  in v e s t ig a t io n s  bu t i t  is  a 
" sp o t  re a d in g "  and  i t  would  be n e c e s s a r y  to ob ta in  a  w id e r  
s p r e a d  in t im e  so a s  to a v e r a g e  out the  n o n -d ip o le  co m p o n en t .
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MID D LE DEVONIAN RED  BEDS O F  THE M URRUM BIDGEE 
‘ SERIES IN TH E Y A S3-TA EM A S D ISTRICT
8. 1 In tro d u c to ry  S ta te m e n t  
8. 2 G eology
8. 3 S am p lin g
8. 4 R e s u l t s
8, 5 S tab il i ty
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M IDDLE DEVONIAN RED  BEDS O F  THE M U RRU M 3ID G EE 
SERIES IN THE Y ASS-TAEM AS D IST R IC T
8, 1 In the  Y a s s - T a e m a s  d i s t r i c t ,  a  g r e a t  th ic k n e s s  of M iddle 
D evon ian  s e d im e n ts  o c c u r s .  It w as  d e c id e d  to c a r r y  out a 
p a la e o m a g n e t ic  s u rv e y  of th e s e  r o c k s  in o r d e r  to in v e s t ig a te  
th e  b e h a v io u r  of the  g e o m a g n e t ic  f ie ld  b e tw een  U p p e r  S i lu r ia n  - 
L o w e r  D evon ian  t im e  (C h a p te r  VII) and  U p p e r  D evon ian  (C h a p te r
V).
8, 2 G e o lo g y . . T he  geo logy  of th e  a r e a  h a s  b een  d e s c r ib e d  
by B row n (1954, 1941). S e d im e n ta t io n  took  p la c e  in the  Y a s s  
Sync line  f r o m  L o w e r  O rd o v ic ia n  un ti l  M iddle D evon ian . U p p e r  
D evon ian  s e d im e n ts  a r e  a b s e n t  in th is  a r e a  a lth o u g h  they  a r e  
e x te n s iv e ly  dev e lo p ed  in  o th e r  p a r t s  of the  S ta te .  T h e r e  a r e  
a t  l e a s t  2000 fee t  of M iddle  D evon ian  s e d im e n ts  in the  Y a s s  
S ync line .
T he  s e d im e n ts  h av e  been  fo lded  and fau lted  by e a r th  
m o v e m e n ts  d u r in g  the  T ab l> erabberan  o ro g e n y  (p o s t  M iddle 
D evonian , p r e  U p p e r  D evon ian ) .  None of the  s p e c im e n s  
c o l le c te d  have  been  a f fe c te d  by m e ta m o r p h i s m  by the  B u r ru n ju c k  
g r a n i te .  A g e o lo g ic a l  s k e tc h  m ap , ta k e n  f r o m  B row n ( 1954)
is  g iven (F ig .  1).
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F ig .  VIII - l .  G eo log ica l  s k e tc h - m a p  of th e  Y ass  Syncline
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F ig .  VIII - 2, The s a m p l in g  s i t e s  in the  Y a s s - T a e m a s  D i s t r i c t
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8. 3 S a m p lin g . S am p lin g  w as  c a r r i e d  out a t  t h r e e  s i t e s  
(F ig .  2). In e ach  c a s e  r e d  s i l t s to n e s  w e re  sough t but s o m e  
c o a r s e r  s a n d s to n e s  w e re  a ls o  c o l le c te d .  A t A lu m  C re ek ,  n e a r  
Good Hope, about 100 ft. o f s e d im e n ts  w e re  s a m p le d .
T he b ed s  a t  th is  s i te  show ed a u n i fo rm  dip of 40° to the  w e s t .
T he seco n d  s i te  is  a  r o a d  cu tting  a t  Cavan, on the  o p p o s i te  l im b  
of the Y a s s  Syncline  and  the  b ed s  d ip  to the  e a s t .  T he  s a m p le s  
a r e  s i l t s to n e s  f ro m  t ig h t ly  fo lded  b e d s .  A s t r a t i g r a p h i c a l  
th ic k n e s s  of a p p ro x im a te ly  15 ft. h a s  been  c o v e re d .  T he  th i r d  
s i te ,  a ro a d  cu tting  a t  B oam bo lo , is  on the  e a s t  l im b  of the  
Sync line  and  the  dip is  sha llow  (15°  to the  w est) .  S om e 15 ft. 
of s t r a t i g r a p h ic a l  th ic k n e s s  h a s  b e en  s a m p le d .  A d e p o s i t io n a l  
h ia tu s  can be  s ee n  in th e  e x p o s u r e  and s a m p le s  w e re  ta k e n  above  
and below  th e  b re a k .
8. 4 R e s u l t s .  T he  d i r e c t io n s  of m a g n e t iz a t io n  and  e r r o r  
c i r c l e  w ith  r e s p e c t  to  the  bed d in g  a t  Good Hope a r e  g iven  in 
F ig .  3. In F ig .  4 the  m e a n  d i r e c t io n  and the c i r c l e  of con fidence  
a r e  shown to g e th e r  with th e  d i r e c t io n  of the  p r e s e n t  day  d ipo le  
f ie ld , w hich  l i e s  j u s t  o u ts id e  the  c i r c l e  of co n f id en ce .  In 
A u s t r a l i a ,  th e  d i r e c t io n  of the  g e o m a g n e t ic  f ie ld  i s  m u ch  s t e e p e r  
than  the  d ipo le  f ie ld  and  is  a p p ro x im a te ly  20° aw ay  f r o m  th e  m e a n  
d i r e c t io n  of th e se  s a n d s to n e s .
T he  d i r e c t io n s  of m a g n e t iz a t io n  of the  s e d im e n ts  f ro m  
B oam bolo  show wide s c a t t e r i n g  (F ig .  5). T he  s t r ik in g  f e a tu r e
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F ig .  VIII - 3. The  m e a n  d i r e c t i o n s  of m a g n e t iz a t io n  w ith 
r e s p e c t  to th e  bedding  - G ood Hope
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M ean  d i r e c t io n  
' o n e  o f  c o n f i d e n c e
F ig  VIII - 4 . T he  m e a n  d i r e c t io n  of m a g n e t iz a t io n ,  w ith  
r e s p e c t  to the  h o r iz o n ta l  - Good Hope
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F ig .  VIII - 5. E x c e s s iv e  s c a t t e r  of the  d i r e c t i o n s  of
m a g n e t iz a t io n  a t  B oam bolo
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(a s  s e e n  in F ig .  5) is  th a t  the  d i r e c t io n s  of m a g n e t iz a t io n  
a r e  s t ru n g  out a lo n g  a n o r th - s o u th  l in e .  T h is  is  in d ic a t iv e  
of v a r i a b le  s ta b i l i ty .  T he  m e a n  d i r e c t io n  of m a g n e t iz a t io n ,  
in d ic a te d  by a th ic k  c i r c l e  (F ig .  5) i s  c lo se  to the  v e r t i c a l .
T h e r e  is  no o b s e r v a b le  te n d en cy  fo r  a  d i f f e r e n t  p r e f e r r e d  
d i r e c t io n  fo r  s a m p le s  o b ta in ed  above  and  below  the  h ia tu s .
T he r e s u l f s  f r o m  C avan  a p p e a r  to be c o m p le te ly  r a n d o m ,
8. 5 S ta b i l i ty . Of th e s e  t h r e e  s i t e s  the  only r e s u l t s  with 
m a r k e d ly  p r e f e r r e d  o r ie n ta t io n s  a r e  f r o m  Good H ope. The 
d iv e rg e n c e  f r o m  both  the  d ipo le  and  g e o m a g n e t ic  f ie ld  in d ic a te s  
s ta b i l i ty .
T he  po le  position c o r r e s p o n d in g  to th e  d i r e c t io n  of 
m a g n e t iz a t io n  of th e s e  s e d im e n ts  i s  to the  sou th  of South A f r i c a  
in the  South A t la n t ic  (57. 8S, 28. 9E).
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WANDERING O F THE P O L E
A D efin it io n  
P o l a r  M o v em en ts
D e te r m in e d  P o le  P o s i t io n s  fo r  S tab le  F o r m a t io n s  
P o l a r  W an d e r in g  a s  a  R an d o m  W alk  P r o b le m  
R a te s  of P o l a r  W an d er in g
T he  B e a r in g  of P o l a r  W an d e r in g , S e c u la r  V a r ia t io n  
and  R e v e r s a l s  on S am p lin g  T e c h n iq u e s  
C o m p a r i s o n  of A u s t r a l i a n  P a la e o m a g n e t ic  R e s u l t s  
w ith  O v e r s e a s  R e s u l t s
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WANDERING O F  THE P O L E
9. 1 A D efin i t io n .  " P o l a r  w a n d er in g  can be v is u a l iz e d
a s  a s low  w a v e - l ik e  p ro p a g a t io n  of the  e q u a to r ia l  bu lge  with 
r e s p e c t  to the  E a r th ,  m u c h  l ik e  a t id a l  b u lg e .  F r o m  the  po in t 
of v iew  of an  o b s e r v e r  in s p a c e  the  bu lge  r e m a in s  f ixed  r e l a t iv e  
to th e  e c l ip t ic  p lane , and  th e  E a r t h  s low ly  tu r n s  u n d e r  i t .  T h is  
i s  not a  s l ip p a g e  of the  c r u s t  o v e r  the  m a n t le  " . . . .  Munk ( 1958).
9 .2  P o l a r  M o v e m e n ts . M erc a n to n  (1926) su g g e s te d  th a t  
p a la e o m a g n e t i s m  m ay be u s e d  to  d e te r m in e  the  g e o m a g n e t ic  
la t i tu d e  of r o c k s  a t  th e  t im e  of t h e i r  fo rm a t io n  and h e n ce  if 
ch an g e s  be found, p o la r  w a n d e r in g  is  im p l ie d .  But it  w as  not 
u n ti l  1954-5 th a t  C r e e r ,  e t  a l  (1954) and  H o s p e r s  (1955) 
p o s tu la te d  the  d ipo le  h y p o th e s i s  th a t  the  pole  c a lc u la te d  f r o m  the  
m e an  d i r e c t io n  of m a g n e t iz a t io n  of a  fo r m a t io n  can be id e n tif ied  
a s  the  E a r t h ' s  ro ta t io n a l  p o le .  T he  d ipo le  h y p o th e s is  is  
su p p o r te d  by th e o r e t i c a l  c o n s id e r a t io n s  (R u n c o rn  (1954) ) and  
e x p e r im e n ta l  d a ta  f ro m  Ic e la n d  (H o s p e r s  (1955) ) and W e s te rn  
E u ro p e  (R oche  (1951) ) (B ru c k s h a w  and R o b e r ts o n  (1949) ), w hich 
show th a t  s in c e  and d u r in g  th e  U p p e r  T e r t i a r y  the  g e o m a g n e t ic  
f ie ld  h a s ,  on th e  a v e r a g e ,  b e en  s i m i l a r  to a g e o c e n tr ic  a x ia l  
d ipo le  and  the g e o m a g n e t ic  po le  h a s  c o in c id ed  w ith  the  g e o g ra p h ic  
po le . C a m p b e l l  & R u n c o rn  ( 1956), w o rk in g  on the  C o lu m b ia
r i v e r  b a s a l t s  c o n f i rm e d  th is  fo r  O reg o n , U. S. A . ,  bu t i t  w as * 
not u n ti l  the  w o rk  d e s c r ib e d  in C h a p te r  III on the  Q u a te r n a r y  
b a s a l t s  of V ic to r ia  th a t  the  f i r s t  e x p e r im e n ta l  e v id en ce  f ro m  
th e  S o u th e rn  H e m is p h e r e  w as  o b ta in ed . T he E a r t h ' s  m a g n e t ic  
f ie ld  in S o u th - E a s t  A u s t r a l i a  w as  shown to h av e  a l s o  a p p ro x im a te d  
to a g e o c e n t r i c  d ipo le  and  f u r t h e r m o r e  the  c a lc u la te d  pole  
p o s i t io n s  a g r e e  w ith  the  p r e s e n t - d a y  p o le s .  T he  d ipo le  f ie ld  
h a s  s in c e  b e en  c o n f i rm e d  f r o m  Q u a te r n a r y  b a s a l t s  f r o m  South 
A m e r i c a  ( C r e e r  ( 1958) ) and by D uB ois  f ro m  U p p e r  T e r t i a r y  
la v a s  in n o r th - w e s t  C anada .
In v iew  of th is  ev id en c e  it  is  r e a s o n a b le  to a s s u m e  th a t
the  E a r t h ' s  m a g n e t ic  f ie ld  h a s  a lw ay s  a p p ro x im a te d  to a
$
g e n c e n t r i c  a x ia l  d ipo le , and  i t  i s  l e g i t im a te  to c a lc u la te  the  pole  
p o s i t io n  f r o m  th o s e  f o r m a t i o n  p o s s e s s in g  a s ta b le  m a g n e t iz a t io n .  
T h is  h a s  b e en  done (T a b le  1, F ig .  1) fo r  the  fo llow ing fo r m a t io n s  
w hich  a r e  l i s t e d  in o r d e r  of d e c r e a s i n g  age .
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9. 3 D e te r m in e d  P o le  P o s i t io n s  fo r  S tab le  F o r m a t io n s
1) D u ro  p o rp h y r y  S i lu r ia n .  Ch. VII
2) V o lc a n ic s  f r o m  C a n b e r r a  U p p e r  S i lu r i a n - L o w e r
D ev o n ian , Ch. VII
Ch. I l l  
III
3) M urrum bidgee  re d  beds Middle Devonian. Ch. VIII
4) N e th e rco te  b a sa l ts U pper Devonian. Ch. V
5) O ld er  V olcan ics  of V ic to r ia L ow er T e r t i a r y .
6) N ew er V olcan ics  of V ic to r ia Q u a te rn a ry , Ch,
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In C a m b r ia n  t im e ,  the  po le  r e l a t iv e  to  A u s t r a l i a  w as 
lo c a te d  ( I rv in g  & G re e n  (1958) ) in what i s  now South A f r i c a  
and  F ig .  1 show s the  s e q u e n c e  of p o s i t io n s  o c cu p ie d  by the  pole 
d a r in g  U p p e r  S i lu r ia n  and  D evon ian  t im e ,
(N ote: T he  m e a n  d i r e c t io n  of m a g n e t iz a t io n  of the  D u ro  p o rp h y ry
is  a spo t r e a d in g  in t im e  and co n seq u e n t ly ,  the  c a lc u la te d  <X
would be d e c e p t iv e ly  s m a l l  and  in c o g n isa n c e  of the  la c k  of a
c o r r e c t  v a lu e  of CK , no e l l ip s e  of con fidence  a ro u n d  the  pole
p o s i t io n  h a s  b een  d raw n ).  T h e s e  r e s u l t s  su g g e s t  th a t  d u r in g
the  L o w e r  P a la e o z o ic  and  D ev o n ian  t im e ,  th e  pole  r e l a t i v e  to
A u s t r a l i a ,  w hile  c o n tin u a lly  on the  m ov e , w as  r e s t r i c t e d  to a
segm en t of the  G lobe (T a b le  1). In c o n t r a s t ,  a r a p id  change
ta k e s  p la c e  d u r in g  the  L o w e r  C a r b o n i f e ro u s ,  By U p p er
C a r b o n i f e ro u s  t im e  the  po le  r e l a t i v e  to A u s t r a l i a  lay  in what is
now the  T a s m a n  Sea  ( I rv in g  ( 1957) ) and  p a s s e d  v ia  the  S o u th e rn
o cean  to  i t s  p r e s e n t  p o s i t io n  by P l io c e n e  t im e  ( I rv in g  & G re e n
(19 58) ). S p e c ia l  m e n t io n  n e e d s  to be m a d e  abou t the  pole
p o s i t io n  d e r iv e d  f r o m  th e  r e d  b ed s  f r o m  V ic to r ia  of U p p e r
D evon ian  and  L o w e r  C a r b o n i f e r o u s  age . T he b ed s  a r e  now
m a g n e t ic a l ly  s ta b le  but i t  a p p e a r s  m o s t  l ik e ly  th a t  the  b ed s  w e re
not m a g n e t iz e d  on, o r  s h o r t ly  a f t e r  d ep o s i t io n ,  bu t a t  so m e  t im e
be tw een  the  U p p e r  D ev o n ian  and the  p r e s e n t - d a y .  L i t t l e  m o r e
can  be s a id  than , a t  so m e  t im e  w ith in  th is  im m e n s e  t im e  span ,
the  pole  o ccu p ied  a p o s i t io n  w ith in  th e  South  Ind ian  O cean  (70. 2S, 
80. 8E)
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2059. 4 P o l a r  W a n d e r in g  a s  a R andom  W alk  P r o b le m .  T he 
id e a  of p o la r  w a n d e r in g  is  no t new. Buffon, who w as l e a d e r  of 
the  'C a t a s t r o p h ic  S ch o o l ' on the  C on tinen t,  su g g e s te d  it to  a c c o u n t  
fo r  th e  r e m a r k a b l e  w o r ld -w id e  d i s t r ib u t io n  of p a la e o c l im a t i c  d a ta ,  
b u t it  w as  no t u n t i l  D a rw in  (1877) and  Kelvin (189C) th a t  th e  p ro b le m  
of the  d y n a m ic  s ta b i l i ty  of the  E a r th  w as q u a n t i ta t iv e ly  e x a m in e d .  
Gold (1955) and  Munk (1956, 1958) h av e  r e c e n t ly  r e - e x a m i n e d  the  
p r o b le m  and  have  co n c lu d ed  th a t  l a r g e  d i s p la c e m e n ts  of the  po le  
could  be a c o n se q u e n c e  of g e o lo g ic a l  a c t i v i t i e s  su ch  a s  o ro g e n ic  
and  e p i ro g e n ic  m o v e m e n ts  and  the  m e l t in g  o r  fo rm a t io n  of i c e c a p s  
w ith  th e  a t te n d a n t  f lu c tu a t io n s  in s e a - l e v e l .  But c o n s id e r in g  the  
E a r t h  a s  a whole , su ch  v a r i e d  g e o lo g ic a l  e v en ts  a r e  l ik e ly  to  be  
r a n d o m , both  in t h e i r  d is t r ib u t io n  and t im in g  and  thus , l ik e ly  to 
p r o d u c e  ra n d o m  p o la r  m o v e m e n ts .  T h u s  i t  m a y  be su p p o se d  
(G re e n  (1958) ) th a t  the  m o v e m e n t  of th e  pole  m a y  be of the  fo r m  
of a r a n d o m  w alk  on a s p h e r e .  F o r  th e  c a s e ,  in w hich the  
a n g u la r  d i s p la c e m e n ts  a r e  s m a l l  and  the to ta l  d is p la c e m e n t  d o e s  
not g r e a t ly  e x ce e d  90° of a r c ,  the  p ro b le m  of a  ra n d o m  w alk  on 
a s p h e r e  is  no t e s s e n t i a l l y  d i f f e r e n t  f r o m  the  s im p le  c a s e  o f  a 
r a n d o m  w alk  on a p lan e  s u r f a c e .
T he  p ro b a b i l i ty  d e n s i ty  cO ( j / s ) , th a t  the  po le  w ill  have  
l a r  d i s p la c e m e n t  , in a  t im e  t, is  g iven  by R a y le ig h 's
(1918, 1919) e x p r e s s io n ,
w h e re  C is  the  m e a n  s q u a r e  of th e  le n g th  of th e  in d iv id u a l  
s t e p s  in the  w a lk  and  k is  the  n u m b e r  of s te p s  p e r  unit t im e .  
T he  m e a n  v a lu e  of the  a n g u la r  d i s p la c e m e n t  a t  a  t im e  t is  
g iven  by
_L_
T h u s  ^  is  e x p e c te d  to v a r y  l i n e a r ly  with ( k t ) 2 and  
p o in ts ,  th e  c o - o r d in a t e s  of w hich a r e  ( *\js ) C ) w ill  be 
s c a t t e r e d  a long  the  l in e  ^  -  C (  f e t ) ^
T he p ro b a b i l i ty  CO th a t  th e  d is p la c e m e n t  of the
pole  w ill  ex ce e d  a g iven  v a lu e  q^f i s  g iven  by
f *
r y
= (  V . )
ck t
( 5)
( 6)
F o r  <a J ( y |J " ^ e q u a l  to  0 .0 2 5  and  0 .9 7 5  the  u p p e r  and  
lo w e r  l im i t s  fo r  , w ith in  w hich  the  pole  h a s  a 0 .9 5
p ro b a b i l i ty  of ly ing , a r e  d e f in ed . T h a t  is l i e s  b e tw een
the  l im i t s .
and
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1-9Ä C ( k t ) ' /£ ( 7 )
0 -1 6  C ( (8)
w ith  a p ro b a b i l i ty  of 0 .9 5 .
In F ig .  2 th e  d i s p la c e m e n ts  of the  pole  a r e  p lo tted  
a g a in s t  the  s q u a r e  ro o t  of t im e ;  th e  r e s u l t s  f r o m  w e s te r n  
E u ro p e  an d  N o r th  A m e r i c a  b e ing  in d ic a te d  by  fu ll  and  open 
c i r c l e s ,  r e s p e c t iv e ly .  T he  s t r a ig h t  l in e  th ro u g h  the  o r ig in  
w hich  b e s t  f i t s  the  d a ta  by l e a s t  s q u a r e s  is  g iven  by
(I rv in g  & G re e n  ( 1958) , F ig .  3) and  Ind ia  (C legg  e t a l .  (1958), 
F ig .  4) a r e  shown. A d if f icu l ty  with Ind ia  is  the  s c a r c i t y  of 
r e s u l t s  and the  u n c e r ta in ty  in the  ag e  of a  n u m b e r  of f o r m a t io n s .
of m o v e m e n t  of the  po le  r e l a t i v e  to  th is  s u b -c o n t in e n t  than  the  
c o r r e s p o n d in g  v a lu e  f o r  o th e r  c o n t in e n ts .
H o w ev e r ,  r e tu r n in g  to  the  r e s u l t s  o b ta in ed  f r o m  the  d a ta  
f ro m  W e s te r n  E u ro p e  and  N o r th  A m e r i c a ;  a  r e s u l t  w hich , m o s t  
l ike ly , r e p r e s e n t s  the  m a g n i tu d e  of the  com p o n en t of p o la r  
w an d er in g , b e c a u s e  the  s i m i l a r i t y  in sh ap e  and d i r e c t io n  of the
y- = 3 0t ' /s ( 9)
w h e re  ^  i s  in d e g r e e s  of a r c  and  t is  in m il l io n  of y e a r s .  
T he  r e s u l t s  fo r  A u s t r a l i a  ( ^ 4  =- 3  /  )
N e v e r th e le s s ,  the  Ind ian  r e s u l t s
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F ig ,  IX - 2. The d is p la c e m e n t  of the  pole  p lo t ted  a g a in s t  the  
s q u a r e  ro o t  of t im e  fo r  w e s te r n  E u ro p e  and N o r th  A m e r i c a
209F ig . IX - 2 , The  a n g u la r  d i s p la c e m e n t  of the  pole  f r o m  i t s  
p r e s e n t  day  p o s i t io n .  T he  d i s p la c e m e n t  of the  pole  f r o m  i t s  
p r e s e n t  p o s i t io n  ' p  , i s  p lo t ted  a g a in s t  th e  s q u a r e  ro o t  of t im e  
in m il l io n s  of y e a r s .  T he  po le  p o s i t io n s  a r e  n u m b e re d  a s  fo llow s:
1. M iocene  la v a ,  F r a n c e ;  R oche  (1950)
2. O lig o c en e  in t r u s iv e s ,  F r a n c e ;  R oche  (1950)
3. E o c e n e  la v a s ,  N. I r e la n d ;  H o s p e r s  & C h a r le s w o r th y  (1954)
4. T r i a s s i c  m a r l s ,  E n g lan d ;  C legg , A lm o n d  & S tubbs  (1954)
5. P e r m i a n  t r a p s ,  E x e t e r ;  C r e e r ,  I rv in g  & R u n co rn  (1957)
6. C a r b o n i fe ro u s  m i l l s to n e s ,  D e r b y s h i r e ;  B e lsh e (1 9 5 7 )
7. C a r b o n i f e ro u s  to a d s to n e s ,  D e r b y s h i r e ;  B e lsh e (1 9 5 7 )
8. D evon ian  s a n d s to n e s ,  W ale s ;  C r e e r ,  I rv in g  & R u n c o rn  (1957)
9. C a m b r ia n  s a n d s to n e s ,  W ale s :  " " " "
10. U p p e r  T e r t i a r y  la v a s ,  W ash ing ton ; C a m p b e l l  & R u n co rn  (1956)
11. C r e ta c e o u s  s a n d s to n e s ,  C o la ra d o ;  R u n co rn  (1956)
12. T r i a s s i c  s a n d s to n e s ,  S p r in g d a le ;  Du B o is  e t .  a l . (1957)
13. T r i a s s i c  la v a s ,  H o lyoks; Du B o is  e t a l .  (1957)
14. T r i a s s i c ,  C o n n ec ticu t;  " " 77 "
15. T r i a s s i c  s eq u e n c e ,  New J e r s e y ;  Du B o is  e t  a l .  (1957)
16. P e r m i a n  Supai B ed s ,  A r iz o n a ;  G ra h a m  (1955)
17. P e r m i a n  Supai B ed s ,  A r iz o n a ;  R u n c o rn  (1956)
18. P e r m i a n  S upai B eds , A r iz o n a ;  I rv in g  (1957)
19. C a r b o n i f e ro u s  s a n d s to n e s ,  A r i z o n a ;  R u n c o rn  (1956)
20. C a r b o n i f e ro u s  c o n c re t io n ,  T e x a s ;  M a r t in e z  & H ow ell ( 1956)
21. S i lu r ia n  s e d im e n ts ,  M ary lan d ;  G r a h a m  (1955)
T he  v e r t i c a l  l in e s  th ro u g h  th e  pole  p o s i t io n s  r e p r e s e n t  the  
e r r o r  a t  (P  = 0, 95) in d e te r m in in g  p? . T he  E u ro p e a n  and  N o r th  
A m e r ic a n  r e s u l t s  a r e  in d ic a te d  by fu ll and  open c i r c l e s  
r e s p e c t iv e ly .  T he  s t r a ig h t  l in e  th ro u g h  th e  p o in ts  h a s  been  
ob ta ined  by a l e a s t - s q u a r e  f i t .  T he  s lo p e  of the  l in e  i s  3 .0 4  
and  the  in t e r c e p t  - o. 7° . T he  s t a n d a r d  d ev ia t io n  of the  p o in ts  
f r o m  the  s t r a ig h t  l in e  i s  10. 2° .
displacement' 
M degree«
■RANDOM-WALK
AUSTRALIA
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F ig , IX - 4, T he a p p lic a tio n  of th e  In d ia  d a ta  to  a r a n d o m - 
w alk h y p o th e s is
a
re­
c u r v e s  fo r  bo th  th e s e  c o n t in e n ts  su g g e s t  th a t  n e i th e r  con tinen t 
h a s  b een  d is p la c e d  in la t i tu d e  to any  g r e a t  ex ten t  and th u s  the  
c a lc u la te d  r a t e  of p o la r  w a n d e r in g  is  not c o m p lic a te d  by m o v e ­
m e n t s  of th e  c o n t in e n ts .
9. 5 R a te s  of P o l a r  W a n d e r in g  It  a p p e a r s  f r o m  eq u a tio n s  
7 and  8 th a t  the  d i s p la c e m e n t  of the  po le  w ith in  a g eo lo g ica l  
p e r io d  m ay  be v a r ia b le  in m a g n i tu d e .  U sin g  the  u p p e r  l im i t  
(eq .  7) in 55 x 10 y e a r s  the  po le  m a y b e  d is p la c e d  by a s  m uch  
a s  42° of a r c .  T h is  is  in a c c o r d a n c e  with the  o b s e r v a t io n s  
f r o m  the  C a r b o n i fe ro u s  (B e lsh e  (1957) ), (C legg  e t a l  ( 1957) ) 
of E n g lan d  (in A m e r i c a  no t enough m e a s u r e m e n t s  h av e  been  
p u b l is h e d  fo r  th is  p e r io d  w h e re  the  s c a t t e r s  in a v e r a g e  d i r e c t io n  
a r e  g r e a t e r  than  would be ex p ec te d  fo r  s e c u l a r  v a r ia t io n .  On 
th e  o th e r  hand, the  d i s p la c e m e n t  m ay  be n e a r  the  lo w e r  l im i t
g
(eq . 8); fo r  in s ta n c e ,  in 28 x 10 y e a r s  th e  d is p la c e m e n t  m a y  
be a s  s m a l l  a s  2° . T h is  a p p e a r s  to a p p ro x im a te  to the  c a s e  in 
th e  U p p e r  T e r t i a r y  ( H o s p e r s  and  C h a r le s w o r th y  ( 1954), H o s p e r s  
(1955), R oche  (1950), C a m p b e l l  and  R u n co rn  (1956) and  Q u a te r n a r y  
(H o s p e r s  ( 1955), R oche  (195), I rv in g  and G re e n  (1958), C r e e r  
(1953) ) w h e re  a l l  the  po le  p o s i t io n s  co in c id e  w ith in  th e  c i r c l e s  
of e r r o r  with th e  p r e s e n t  po le .
T he  p o la r  d i s p la c e m e n ts  a r e  by no m e a n s  p ro p o r t io n a l  
to t im e .  A lthough  d i s p la c e m e n ts  a s  l a r g e  a s  18° of a r c  in
6 6 10 x 10ö y e a r s  a r e  p o s s ib le ,  in 500 x 10° y e a r s  only  67° of
a r c  a r e  to  be ex p ec te d .  T h is  l a t t e r  r e s u l t  a g r e e s  v e r y  w ell
w ith  d e te r m in a t io n s  of pole p o s i t io n s  f r o m  th e  C a m b r ia n
( C r e e r ,  I rv in g  and  R u n co rn  (1957) ) w h e re  ^  is  of the  o r d e r
of 70° of a r c .
M ention  h a s  b een  m a d e  p re v io u s ly  ( I rv in g  and G re e n  
(1958) ) th a t  the  po le  p o s i t io n  d e te r m in e d  f r o m  P e r m i a n  r o c k s  
o c c u r s  in. a d v an ce  of th e  p o s i t io n  of the  C a r b o n i f e ro u s  pole  in 
th e  b ro a d  sw eep  of th e  N o r th  P o le  a long  th e  c o a s t  of e a s t  A s ia  
in the  U p p e r  P a la e o z o ic .  H o w ev e r ,  in the  in te r v a l  b e tw een  
th e  D ev o n ian  and the  C a r b o n i f e ro u s  the  po le  would be ex p ec ted  
to be d is p la c e d  by 24° of a r c  (eq . 9) w h e re a s  the  p a la e o m a g n e t ic  
d a ta  in d ic a te  d i s ta n c e s  of 21° o r  26° of a r c  d epend ing  upon which 
d e te r m in a t io n  in the  C a r b o n i f e ro u s  is  ta k en .  In the  t im e  
in te r v a l  be tw een  the  C a r b o n i f e ro u s  and the  P e r m i a n  the 
m e a s u r e d  d is p la c e m e n t  of 16° of a r c  is  well w ith in  the  l im i t s  
of a r a n d o m  w alk  of the  po le .
9. 6 The B e a r in g  of P o l a r  W an d e r in g , S e c u la r  V a r ia t io n  and
R e v e r s a l s  on S am p lin g  T e c h n iq u e s . In the  e a r ly  
p a la e o m a g n e t ic  w ork  ( C r e e r  e t a l  ( 1954) ) th ic k  r o c k  fo r m a t io n s  
c o v e r in g  a t im e  of the  o r d e r  of a  g e o lo g ic a l  epoch  w e re  s a m p le d  
and, n e g le c t in g  s a m p l in g  e r r o r s ,  the  s c a t t e r  in d i r e c t io n  of 
m a g n e t iz a t io n  w as  a t t r ib u te d  to s e c u l a r  v a r ia t io n .  A l a r g e  
a m o u n t of s c a t t e r  i s  to be found in the  r o c k s  from  the  M iddle
a n d  U p p e r  T o r r id o n ia n  S an d s to n e  S e r i e s  ( I rv in g  and  R u n c o rn  
( 1957) ) and the  C a r b o n i f e ro u s  r o c k s  of B r i ta in .  I rv in g  (1957) 
found th a t  the  F i s h e r  (1953) p r e c i s io n  in d ex  fo r  the  d i r e c t io n  
of m a g n e t iz a t io n  of the  f o r m e r  i s  a s  low a s  9. 9. In the  
C a r b o n i f e ro u s ,  B e lsh e  (19 57) h a s  m e a s u r e d  the  M ills to n e  g r i t s  
and  the  T o a d s to n e s ,  and E v e r e t t  a s  r e p o r t e d  in C legg  et a l  ( 1957) 
h a s  m e a s u r e d  the  S h a t te r fo r d ,  C lee  H ill, T id e s  w e llda le  and 
K in g h o rn  flow s and  d i f f e r e n c e s  a s  m u ch  a s  40° of a r c  in the  
d e te r m in e d  po le  p o s i t io n s  a r e  found. M ost of the  l a t t e r  
m e a s u r e m e n t s  a r e  on in d iv id u a l  v o lc an ic  flow s and s i l l s  and 
t h e i r  baked  c o n ta c ts ,  and  th u s  r e p r e s e n t  sp o t  r e a d in g s  in t im e  
s p a c e d  th ro u g h o u t  m u ch  of th e  B r i t i s h  C a r b o n i f e r o u s .  Som e 
of the  s c a t t e r  w ill be due to s e c u l a r  v a r ia t io n  but the  d i f f e r e n c e s  
in d i r e c t io n  a r e  so l a r g e  th a t  c o m p a r a t i v e ly  r a p id  p o la r  m o v e ­
m e n t  d u r in g  the  C a r b o n i f e ro u s  s e e m  to  h av e  o c c u r r e d ,
3
T im e  s e q u e n c e s  in e x c e s s  of 10 y e a r s  have  to  be s a m p le d  
if  the  s e c u l a r  v a r ia t io n  is  to be  a v e r a g e d  out, bu t on the  o th e r  
hand  if the  r a n d o m  w alk  h y p o th e s i s  is  c o r r e c t ,  p o la r  w an d er in g
g
of a few d e g r e e s  i s  to be e x p e c te d  in a p e r io d  of 10 y e a r s .  It 
is  the  f ine  d e ta i l  of the  p a th  of p o la r  w an d er in g  w hich is  d e s i r e d
o g
and  th is  lo w e r  and u p p e r  l i m i t s  of 1013 and  10 y e a r s  s u g g e s t  
th a t  s a m p l in g  be  confined  to a s t r a t i g r a p h i c a l  th ic k n e s s  e q u iv a len t  
to th is  r a n g e  in y e a r s .
T he  phen o m en o n  of r e v e r s a l s  a l s o  h a s  a b e a r in g  on the
gl  5s t r a t i g r a p h i c a l  th ic k n e s s  i t  is  d e s i r a b l e  to s a m p le .  R e v e r s a
m ay  be due to r e v e r s a l s  in the  p o la r i ty  of the  E a r t h ' s  f ie ld ;
q  4
the  f ie ld  be in g  in a  s ta t e  of t r a n s i t i o n  fo r  a p e r io d  of 10 - 10
y e a r s .  If a  s e q u e n c e  of th ic k n e s s e s  eac h  c o v e r in g  p e r io d s  of 
10^ y e a r s  a r e  s a m p le d ,  the  d i r e c t io n  of the  g e o m a g n e t ic  f ie ld  
b e fo re  and a f t e r  r e v e r s a l  and i t s  b e h a v io u r  d u r in g  r e v e r s a l s ,  
would be m a d e  c l e a r .  It is  im p o r ta n t  to s tudy  th i s  b e c a u s e  the  
way in w hich the  f ie ld  r e v e r s e s  is  no t known and i t  m ay  be e i th e r  -
1) the  sw ing ing  of the  d ipo le  th ro u g h  180°, o r
2) the  d ecay  of the  d ipo le  co m p o n en t and  the  e m e r g e n c e
of a d o m in an t  q u a d ra p o le  an d  h ig h e r  h a r m o n ic s ,  fo llow ed  
by the  r e g e n e r a t io n  of the  d ipo le  in th e  r e v e r s e d  d i r e c t io n .  
C o n s id e r in g  the  l im i t s  s e t  by s e c u l a r  v a r ia t io n ,  p o la r  
w a n d e r in g  and  p h enom enon  of r e v e r s a l s ,  the  m a x im u m  am o u n t 
of in fo rm a t io n  can  be e x t r a c te d  by confin ing  s a m p l in g  s i t e s  to 
th ic k n e s s  w hich  w e re  d e p o s i te d  in a t im e  of the  o r d e r  of 10^ y e a r s .  
In p r a c t i c e  th i s  is  d if f icu l t  b e c a u s e  l i t t l e  i s  known abou t r a t e s  of 
d ep o s it io n  of ro c k s ,  but it s e e m s  l ik e ly  th a t  t h i c k n e s s e s  of the  
o r d e r  of h u n d re d s  of fe e t  a r e  s u i ta b le .
9. 7 C o m p a r is o n  of the  A u s t r a l i a n  P a la e o m a g n e t ic  R e s u l t s
with O v e r s e a s  R e s u l t s .  E x c e p t  in l a t e r  K a in o zo ic  t im e  
the  p o le s  d e te r m in e d  f r o m  A u s t r a l i a n  d a ta  do no t co in c id e  w ith 
e q u iv a len t  r e s u l t s  f r o m  W e s te rn  E u ro p e ,  N o r th  A m e r i c a ,  A f r i c a  
and  Ind ia  ( I rv in g  & G re e n  (1957) ). T he  la c k  of a g r e e m e n t  is
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F ig .  IX - 5. T h e  la c k  of a g r e e m e n t  b e tw een  U p p e r  P a la e o z o ic  
e tc .  p o le s  d e te r m in e d  f r o m  d i f f e r e n t  p a r t s  of the  w o r ld .
A u s t r a l i a n  P o le s .
1) N e w e r  V o lc a n ic s ,
2) O ld e r  V o lc a n ic s ,
3) D o le r i t e  S i l ls ,
4) B r i s b a n e  T uffs ,
5) I l l a w a r r a  V o lc a n ic s ,
6) H u n te r  V a lley  V o lc a n ic s ,
7) K uttung v a r v e s ,
8) K uttung  la v a s ,
9) N e th e r c o te  b a s a l t s ,
10) M u r ru m b id g e e  S e r i e s ,
11) V o lc a n ic s  f r o m  C a n b e r r a ,
12) D u ro  P o r p h y ry ,
W e s te r n  E u ro p e  P o le s
M iocene ,
O lig o cen e ,
E o c e n e ,
T r i a s s i c ,
P e r m ia n ,
L r  C a r b o n i f e ro u s ,
N o r th  A m e r i c a n  P o le s .
Q , I rv in g  & G re e n  (1958)
T o - T p ,  "
J
T?
?u
pu ”
Cu , I rv in g  (1957)
Cu , "
Du , C h a p te r  IX
D m  , " VIII
S u -D e , " VII
S " V I I
H o s p e r s  (1955)
R oche  (1950)
H o s p e r s  ( 1955)
C legg , A lm o n d  & S tubbs  (19 54) 
C r e e r ,  et a l .  (1957)
B e lsh e  (1955)
U p p e r  T e r t i a r y ,
C r e ta c e o u s
T r i a s s i c
T r i a s s i c
P e r m i a n
P e r m i a n
P e r m i a n
P e n n s y lv a n ia n
M is s i s s ip p i a n
C a m p b e l l  & R u n co rn  ( 1956) 
R u n c o rn  (1956)
Du B ois  e t a l .  (1957) 
R u n c o rn  ( 1956)
G ra h a m  (1955)
D o e ll  ( 1955)
R u n c o rn  ( 1956)
R u n co rn  ( 1956)
H ow ell & M a r t in e z  (1957)
g r e a t e s t  fo r  U p p e r  P a la e o z o ic  and e a r ly  M eso zo ic  t im e  w h e re  
the  d i s t a n c e s  be tw een  c o r re s p o n d in g  p o le s  is  a s  l a r g e  a s  
59 - 90°  of a r c  (F ig . 6). On the o th e r  hand th e  in te r n a l  
a g r e e m e n t  fo r  the  A u s t r a l i a n  r e s u l t s  b e tw een  th e  p o le s  2), 3),
4) o b ta in ed  -from ro c k s  of U p p e r  S i lu r ia n  to U p p e r  D ev o n ian  ag e  
is  n o te w o r th y .  The a r c  d is ta n c e  be tw een  the  pole  fo r  the  
U p p e r  S i lu r ia n  - L o w e r  D evonian  ig n eo u s  r o c k s  and  the  M iddle 
D evon ian  s e d im e n ts  is  16°. S e p a ra t in g  the  m id d le  D ev o n ian  pole  
f ro m  the  U p p e r  D evonian  one is  2 4°, but the  o v e r a l l  d i s p l a c e ­
m e n t  of the  pole  b e tw een  U p p e r  S i lu r ia n  and L o w e r  D evon ian  
t im e  is  only 12° of a r c .  The ro c k s  c o n c e rn e d  in the  c a lc u la t io n  
of th e s e  p o le  p o s i t io n s  a r e  of m any  d if fe re n t  ty p e s  ( r e d  
s e d im e n ts ,  a n d e s i te s ,  b a s a l t s ,  and p o rp h y r ie s )  and  a r e  found in 
m an y  g e o lo g ic a l  e n v iro n m e n ts  (a s  bedded s e d im e n ts ,  la v a  flows, 
in t r u s iv e  s i l l s  and  s to ck s ) .  In so m e  c a s e s  they  h av e  b e en  fo lded  
but in o th e r s  they  have  re m a in e d  m o r e  o r  l e s s  u n d is tu rb e d  s in c e  
fo r m a t io n  (eg . 4). T h is  in i t ia l  a g r e e m e n t  s u g g e s t s  th a t  they  
have  b e en  l a r g e ly  in fluenced  by a com m on c a u se  su ch  a s  the  
g e o m a g n e t ic  f ie ld  and s p e c ia l  e f fec ts  such  a s  m a g n e to s t r ic t io n ,  
w a te r  c u r r e n t s  e tc ,  have  p layed  a m in o r  ro le .
T he  only  o th e r  D evonian  pole  h a s  been  d e te r m in e d  by 
C r e e r  (1957) fo r  the  old R ed  S an d s to n es  of E n g lan d . The 
A u s t r a l i a n  p o le s  2), 3) and 4) a r e  r e s p e c t iv e ly  44, 44 and  2 5° of 
a r c  f ro m  th e  B r i t i s h  r e s u l t .  It is  d iff icu lt  to be co n fid en t  of th e
t im e - e q u iv a le n c e  of fo rm a t io n s  in d i f f e re n t  c o n t in e n ts  w ith  the
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a c c u r a c y  r e q u i r e d  fo r  d e ta i le d  p a la e o m a g n e t ic  w o rk  (10 y e a r s )
bu t the  d i f f e r e n c e s  b e tw een  the  A u s t r a l i a n  r e s u l t s  and  the  
B r i t i s h  r e s u l t  a r e  l a r g e  and  i t  w ould  r e q u i r e  v e r y  ra p id  p o la r  
w a n d e r in g  to  e x p la in  the  d i f f e r e n c e s  in th is  way.
P o l a r  w a n d e r in g  a p p e a r s  to be the  p r in c ip a l  co m ponen t 
in the  m ov ing  of the  pole  r e l a t i v e  to each  con tin en t  but to  fully 
r e c o n c i l e  the  p a la e o m a g n e t ic  d a ta  i t  i s  s o m e t im e s  n e c e s s a r y  to 
invoke th e  a d d i t io n a l  g e o p h y s ic a l  p r o c e s s e s :
1) ro ta t io n  of c o n t in e n ta l  b lo c k s ;
2) t r a n s l a t i o n  of c o n t in e n ta l  b lo ck s ;
and  N a i rn  ( 1959) fo r  the  i s la n d  of N ew foundland  to g ive  a g r e e ­
m e n t  b e tw een  h is  r e s u l t s  and th o s e  of N o r th  A m e r i c a .  C a r e y  
( 1956) h a s  sought to m a k e  f o r m e r  r e c o n s t r u c t io n s  of the  
c o n t in e n ts  by unw inding  th e  o r o c l in e s ,  w hich  r e s u l t s  in ro ta t io n s .  
H o w ev e r ,  in a l l  c a s e s  w h e re  two c o n t in e n ts  a r e  s e p a r a t e d  by a 
g r e a t e r  a r c  d is ta n c e  th an  the  s u m  of t h e i r  c o la t i tu d e s  ( e .g .  
A u s t r a l i a  and  N o r th  A m e r i c a  in th e  C a rb o n ife ro u s )  i t  is  im p o s s ib le  
to e x p la in  th e  p a la e o m a g n e t ic  d a ta  on the  b a s i s  of the  r o ta t io n  of 
c o n t in e n ta l  b lo c k s  and r e c o u r s e  m u s t  be  m a d e  to the  t r a n s l a t i o n  
of the  b lo c k s .  I rv in g  ( 1958) h a s  d i s c u s s e d  an in g e n io u s  m e thod  
b a se d  p u re ly  on p a la e o m a g n e t ic  p r e c e p t s ,  in w hich the  lo c u s  of
R o ta t io n  h a s  been  s u g g e s te d  by C legg  e t  a l  ( 1958) fo r  India
3) r o ta t io n  and  t r a n s l a t i o n  of c o n t in e n ta l  b lo c k s .
c o n t in e n ta l  b lo ck s  is  the  enve lope  of t h e i r  r e s p e c t iv e  c i r c l e s  of
c o la t i tu d e .  He f inds  th a t  the  m o v e m e n ts  a r e  p r in c ip a l ly
220
lo n g i tu d in a l  and  the f o r m e r  r e c o n s t r u c t io n s  show a c lo se  
r e s e m b la n c e  to th o se  p r e p a r e d  by g e o lo g is ts  on p a la e o n to lo g ic a l  
g ro u n d s  (W e g en e r  ( 1924) ). W hile the m a j o r  co m p o n en t 
a p p e a r s  to be t r a n s la t io n  it s e e m s  d e s i r a b le  to r e c o g n i s e  th o s e  
c a s e s  in w hich  both  t r a n s la t io n  and ro ta t io n  m a y  h av e  ta k e n  
p la c e  in Ind ia  (C leg g  (1958) ).
T he  in s ig h t  which p a la e o m a g n e t ism  is  g iv ing  to g eo -  
t e c to n ic s  is  no t a l l  th a t  m ay be d e s i r e d ,  but the  c h ie f  s h o r t ­
com ing  of the  p a la e o m a g n e t ic  m ethod  is  the  p r e s e n t  s h o r ta g e  
of d a ta  (112 po le  p o s i t io n s ,  I rv in g  (1959) ) w hich  th e  fu tu re
W5Ü1 no doubt r e c t i f y .
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COMPARISON O F PA L A E O M A G N E T IC  AND PA L A E O C L IM A T IC  
E V ID E N C E
10. 1 W h en e v e r  p o la r  w a n d e r in g  o c c u r s  and the  m a g n e t ic  and 
r o ta t io n a l  a x e s  r e m a in  c o in c id e n t  th e  g e o m a g n e t ic  la t i tu d e  
co m p u ted  f r o m  p a la e o m a g n e t ic  r e s u l t s  shou ld  be c o n s i s te n t  
w ith  th e  ev id en ce  of the  p a la e o c l im a te ,  b a s e d  on g e o lo g ic a l  
g ro u n d s ,  in the  s a m e  g e n e r a l  r e g io n  d u r in g  the  s a m e  g e o lo g ic a l  
p e r io d .  T h is  is  b e c a u s e  of the  d e p en d e n c e  of c l im a te  on 
l a t i tu d e s .  T he o c c u r r e n c e  of h igh  snow f ie ld s  in low la t i tu d e s  
and the  p e n e t r a t io n  of w a rm  o c e a n  c u r r e n t s  into  h igh la t i tu d e s  
m a y  a f fe c t  the  c l im a te  o v e r  l im i t e d  r e g io n s  but it w ill  a lw ay s  
be w a r m e r  n e a r  the  e q u a to r  th a n  in the  p o l a r  r e g io n s .  F r o m  
the  p a la e o m a g n e t ic  po le  p o s i t io n s  g iv en  in  the  p r e v io u s  c h a p te r ,  
the  p o s i t io n  of e q u a to r  d u r in g  th e  la te  S i lu r ia n  and  D evon ian  fo r  
e a s t e r n  A u s t r a l i a  is  g iven  in F ig .  1 . *
10 .2  S i lu r ia n  E q u a to r .  D av id  (1950, pp. 219 - 23, 
pp. 272 - 8) c o m m e n ts  on the  S i lu r ia n  e m b a y m e n t  s t r e t c h in g  
f r o m  C h il lag o e , N. Q. to th e  G o rd o n  r i v e r ,  T a s m a n ia ,  in w hich  
c o r a l  r e e f s  a c c u m u la te d .  S tab le  co n d it io n s  p e r s i s t e d  s u f f ic ie n t ly  
long  to p e r m i t  the  b u ild ing  of g r e a t  b a n k s  of l im e s to n e ,  in s o m e  
in s ta n c e ,  u p w a rd s  of 1000 ft. in  th i c k n e s s .  T he  D u ro  P o r p h y r y  
i s  m a g n e t iz e d  w ith  an  in c l in a t io n  of 10° th u s  g iv ing  a p a la e o ­
m a g n e t ic  la t i tu d e  of abou t 5° fo r  e a s t e r n  A u s t r a l i a .  The  e q u a to r
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C a n b e r r a  V o lc an ic s ,  w hich  a r e  S i lu r ia n  in p a r t  ( C h a p te r  VII), 
p a s s e s  th ro u g h  C ape Y o rk  and  A rn h e m  L an d .
10. 3 D evon ian  E q u a to r  . The Bowning o ro g en y , a t  the  
c lo s e  of the  S i lu r ia n ,  l im i te d  the  e m b a y m e n t  to a  n a r r o w  t ro u g h .  
B row n (1941) h a s  d i s c u s s e d  the  f a v o u ra b le  c o n d it io n s  fo r  th e  
d e v e lo p m e n t  of c o r a l  r e e f s  in the  L o w e r  and M iddle  D ev o n ian  
e s p e c ia l ly  in  the  Y a s s  d i s t r i c t  (C h a p te r  VIII). T he  M iddle  
D evon ian  s e d im e n ts  in th is  a r e a  h av e  a c h a r a c t e r i s t i c  deep  r e d  
c o lo u r .  The  p a la e o m a g n e t ic  e q u a to r  in th e  M iddle  D ev o n ian  
(F ig .  1) p a s s e s  th ro u g h  c e n t r a l  Q u e en s la n d .  D u r in g  the  
T a b b e r a b b e r a n  o ro g en y  (end of the  M iddle D evonian) the  s t r a t a  
in the  g e o sy n c l in e  w e re  fo lded  and up lif ted  and n u m e r o u s  c o a s ta l  
la k e s  w e re  fo r m e d .  M ath eso n  (19 30) c o n s id e r s  th a t  the  L a m b ie  
b ed s  f r o m  M olong w e re  fo rm e d  in th e s e  l a k e s  u n d e r  t r o p i c a l  
c o n d it io n s ,  and  he g ives  m an y  r e a s o n s  fo r  b e l i e v in g  th a t  the  
a r e a  e x p e r ie n c e d  t o r r e n t i a l  r a in s .  T he  U p p er  D evon ian  
e q u a to r  o b ta in ed  f r o m  the  N e th e r c o te  b a s a l t s  p a s s e s  th ro u g h  
s o u th e r n  Q u e en s la n d .  T he Y a lw al S tage  r e d - b e d s  w ith  w hich  
th e  N e th e r c o te  b a s a l t s  a r e  in te rb e d d e d  (B ro w n  (19 31) ;
C h a p te r  V) a lso  in d ic a te  t r o p i c a l  c o n d i t io n s .  I t  m a y  th e r e f o r e  
be con c lu d ed  th a t  the  low la t i tu d e  d u r in g  th e  l a t e  S i lu r i a n  and 
D evon ian  a s  o b ta in ed  f ro m  the  p a la e o m a g n e t ic  w o rk  is  c o n s i s te n t
6) «  KM
4  4  i
w ith  the  w a rm  c l im a te  in d ic a te d  by the  p a la e o c l im a t ic  
e v id e n c e .
10, 4 K a inozo ic  E q u a to r .  In C h a p te r s  III and  IX it  w as  
show n by m e a s u r e m e n t s  on the  K a in o zo ic  v o lc a n ic s  th a t  d u r in g  
th e  Q u a te r n a r y  the  la t i tu d e  of A u s t r a l i a  h a s  b een  the  s a m e  a s  
the  p r e s e n t - d a y .  It i s  n o te w o r th y  th a t  th e  e a s tw a r d  t r a v e l  
of v o lc a n ic  a s h  f r o m  Q u a te r n a r y  v o lc a n o s  s u g g e s t s  th a t  
A u s t r a l i a  a t  th a t  t im e  w as s t i l l  in  th e  w e s te r ly  wind b e l t  
(G ill  (1958) ).
10, 5 V a r ia t io n  of L a t i tu d e  in  E a s t e r n  A u s t r a l i a .  S u ff ic ien t 
p a la e o m a g n e t ic  d a ta  have  b e en  c o l le c te d  f r o m  A u s t r a l i a n  r o c k  
fo r m a t io n s  ( I rv in g  (1956, 1957), I rv in g  & G r e e n  (1957, 1958) ) 
to p e r m i t  the  la t i tu d e  of any  p la c e  (say , W agga W agga, T ab le  1) 
to be d e te r m in e d  in b ro a d  o u t l in e .  T he w o rk  r e p o r t e d  p ro v id e s  
in fo r m a t io n  about the  D evon ian  and  K a in o zo ic .  D u r in g  the  
L o w e r  P a la e o s o ic  and  D ev o n ian  th e  la t i tu d e  of A u s t r a l i a  a p p e a r s  
to  h av e  r e m a in e d  c o n s ta n t  and  r a t h e r  low . In the  C a r b o n i fe ro u s  
and  P e r m i a n  the  la t i tu d e  is  h igh  (which is  r e f l e c te d  in th e  change  
f r o m  D ev o n ian  r e d  b ed s  to C a r b o n i f e r o u s  and  P e r m i a n  g la c ia l  
d e p o s i t s )  and  t h e r e a f t e r  the  la t i tu d e  d e c r e a s e s  to th e  p r e s e n t  
v a lu e .  In a  like  m a n n e r  the  la t i tu d in a l  v a r i a t io n s  of o th e r  
p la c e s  in e a s t e r n  A u s t r a l i a  m a y  be c a lc u la te d .  T he  d i f f ic u l t ie s  
in a c c u r a t e ly  and u n a m b ig u o u s ly  i n t e r p r e t i n g  p a s t  c l im a te s  f r o m
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the  g e o lo g ic a l  ev id en ce  p r e c lu d e  any  d o g m a t ic  s ta t e m e n t  abou t 
th e  la t i tu d e  of A u s t r a l i a  d u r in g  the  D evon ian  f r o m  th is  s o u r c e .  
H o w ev e r ,  the  a g r e e m e n t  on s p e c i f ic  p o in ts  and g e n e r a l  la c k  
of co n f l ic t  b e tw ee n  the  p a la e o c l im a te  and  p a la e o m a g n e t ic  
e v id en c e  s t r e n g th e n s  the  c o n c lu s io n s  th a t  had  been  d ra w n  by 
g e o lo g is t s  th a t  the  c l im a te  in s o u th - e a s t  A u s t r a l i a  in the
I
D evon ian  w as  t r o p i c a l .
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M EA SU R EM EN T O F  SECU LA R VARIATION
11. 1 In t ro d u c to ry  S t a t e m e n t . T he  d i s c o v e r y  th a t  the  
m a g n e t ic  d e c l in a t io n  changed  w ith  t im e  is  c r e d i te d  to H e n ry  
G e l l ib ra n d  (19 35), P r o f e s s o r  of A s t r o n o m y  in G r e s h a m  C o lleg e .  
D i r e c t  m e a s u r e m e n t s  of the  s e c u l a r  v a r i a t io n  (w hich  a f fe c t s  
in c l in a t io n  a s  w ell a s  d ec lin a tio n )  ex ten d  b a c k  only a s  f a r  a s  
abou t the  y e a r  A. D. 1500. S ince  th a t  t im e  th e  a m p l i tu d e  of 
the  v a r ia t io n  a t  London h a s  b een  4° in in c l in a t io n  and  16° in 
d ec l in a t io n ,  bu t the  m e a s u r e m e n t s  do not c o v e r  the  fu ll  p e r io d  
of the  v a r ia t io n  w hich  m ay , t h e r e f o r e ,  h av e  a l a r g e r  a m p l i tu d e .  
T h is  c h a p te r  d i s c u s s e s  th e  m e th o d s  (w hich  a r e  in d ir e c t )  by 
w hich  th is  r e c o r d  m ay  be e x ten d ed  b ack  to p e r io d s  p r i o r  to 
th e s e  o b s e r v a to r y  m e a s u r e m e n t s .
T he  w a lls  of the  c i ty  of P e ip in g  a p p e a r  to h av e  been  
b u il t  on m a g n e t ic  b e a r in g s  and  th ey  show a c o n v e rg e n c e  of a 
few d e g r e e s  w hich  could  be due to a  change  in th e  m a g n e t ic  
m e r id ia n  b e tw een  the  t im e  of c o n s t r u c t io n .  S im i la r ly ,  m an y  
of the  c h u rc h e s  of E u ro p e  (e . g, M ag d eb u rg  C a th e d ra l )  (W eh n er  
(1928) ) a p p e a r  to have  b e en  o r ie n te d  on m a g n e t ic  b e a r in g s  and  
the  d i f f e r e n c e s  in a z im u th  in b u i ld in g s  w ith  d i f f e r e n t  d a te s  of 
c o n s t r u c t io n  could  be due to th e  s e c u l a r  v a r ia t io n .
D u r in g  the  l a s t  c e n tu r y  the  in te n s i ty  of the  f ie ld  h a s
2 3 4
d e c l in e d  a p p ro x im a te ly  7% bu t th is  h a s  b e en  shown to be a 
s e c u l a r  ch an g e . E l s ä s s e r ,  N ey & W in c k le r  (1956) a rg u e d  
th a t  a  10% change  in the  E a r t h ' s  magnetic  m o m e n t ,  if it  r e m a in e d  
so  fo r  a  few th o u san d  y e a r s  would c a u s e  a c o n s i s te n t  d i f f e r e n c e  
b e tw een  r a d i o - c a r b o n  a g e s  an d  a r c h e o lo g ic a l  a g e s  of r e l i c s ,  
B e i s e r  ( 1957) show s a g r e e m e n t  o v e r  th e  r a n g e  13000 B. C. to 
3000 B, C. and  he s t a t e s  th a t  r e v e r s a l s  in th e  g e o m a g n e t ic  f ie ld  
a r e  d e f in i te ly  ex c lu d ed  f r o m  th i s  i n t e r v a l .  H is  m e th o d  is  
l im i t e d  to a q u a l i ta t iv e  d i s c u s s io n  of a r c h e o lo g ic a l  t im e  and. 
f u th e r m o r e  it a f fo rd s  no d a ta  on th e  p e r io d  of th e  s e c u l a r  
v a r ia t io n .
11.2  E a r l y  M eth o d s . F o l g h e r a i t e r  (1899) show ed th a t
s e c u l a r  ch an g e  d u r in g  the  VII c e n tu r y  cou ld  be t r a c e d  by 
m e a s u r in g  th e  d i r e c t io n  of m a g n e t iz a t io n  of VII c e n tu ry  p o ts .  
C h e v a l l i e r  (1925) w o rk in g  on the  h i s t o r i c a l  (VIII B. C. - 
A* D» XX) l a v a s  f r o m  Mt. E tn a  r e c o r d e d  an 18° sw ing  and  a 
75 0 y e a r  p e r io d  f o r  the  s e c u l a r  v a r i a t io n .  On the  o th e r  hand 
T h e l l i e r  (19 58) w o rk in g  with o ld e r  l a v a s  and th e i r  baked  c o n ta c ts ,  
w as of th e  o p in ion  tha t,  in g e n e r a l ,  the  p e r io d  of th e  s e c u l a r  
v a r ia t io n  is  m a s k e d  and  i t s  a m p l i tu d e  c o n fu sed  by p a r a s i t i c  
s e c o n d a ry  c o m p o n en ts  a r i s i n g  f r o m  m in o r  in s ta b i l i ty  in the
m a g n e t iz a t io n .
11. 3 V a r v e s . The g r e a t  a d v a n ta g e  p o s s e s s e d  by v a r v e s
fo r  th is  w o rk  is  th a t  th ey  r e c o r d  a c h ro n o lo g ic a l  s c a le  in y e a r s  
by th e  s u c c e s s io n  of b a n d s ,  and  c o n se q u e n t ly  m a y  be u s e d  fo r  
in v e s t ig a t in g  th e  p e r io d  of s e c u l a r  v a r i a t io n .  V a r v e s  of any 
a g e  m a y  be u se d .
T he  v a r v e s  of H a r t fo rd ,  Conn, and  Inwood, V e rm ,  
s tu d ie d  by Jo h n so n  M urphy  and  T o r r e s o n  (1948) r a n g e  in age  
f r o m  20000 - 15000 y e a r s .  T he  m e a s u r e m e n t s  of the
d i r e c t io n  of m a g n e t iz a t io n  show th a t  th e  in c l in a t io n  ch an g es  f r o m  
45° - 6 5° and  the  d e c l in a t io n  sw in g s  35°E  to 25°W  in a p e r io d  
o f  750 - 2000 y e a r s .  D oub ts  w e re  c a s t  by the  a u th o r s  on th e  
a p p l ic a b i l i ty  of th e s e  f ig u r e s  to s tu d ie s  of th e  s e c u l a r  v a r ia t io n  
b e c a u s e  c h a n g e s  in the  d i r e c t io n  of m a g n e t iz a t io n  cou ld  w ell be  
b ro u g h t  abou t by c o m p ac t io n  and  p a r t i c l e  sh ap e  e f fe c ts  in the  
v a r v e s .
G r i f f i th s  ( 1955) and  King (1955) p r e s e n t e d  the  r e s u l t s  of 
an  in v e s t ig a t io n  on the  S w ed ish  v a r v e s  f r o m  P r a s t m o n  - U ndron  
a r e a  (1100 B, C. - A. D. 750) and the R agunda  a r e a  (9000 B. C) 
and  they  show  th a t  d e sp i te  p a in s ta k in g  s a m p l in g  the  r e s u l t s  can 
o ften  be in c o n c lu s iv e  and  m ay  be m is le a d in g  b e c a u s e  the  d i r e c t io n  
of m a g n e t iz a t io n  of s e d im e n ts  can, in m a n y  c a s e s ,  be  a l t e r e d  by 
d e p o s i t io n  on s lo p in g  s u r f a c e s  and by w a te r  c u r r e n t s  n e a r  the
b o t to m  of r i v e r  e s t u a r i e s .
1 1 .4  S e d im e n ta T h is  w o rk  on v a r v e s  h a s  b e e n  ex ten  de j>36
to o th e r  s e d im e n ts  (N ag a ta ,  H i r a o  & Y o sik aw a , (1949) ). T h e i r  
r e s u l t s  f r o m  s e d im e n ts  ag ed  78000 - 42000 y e a r s ,  show ed  an 
a m p l i tu d e  of 20° a ro u n d  th e  p r e s e n t  d i r e c t io n  of the  g e o m a g n e t ic  
f ie ld  and a p e r io d  of 1500 - 2000 y e a r s  fo r  the  s e c u l a r  
v a r ia t io n .  H o w ever , the  l a r g e  s c a t t e r  in the  d i r e c t io n s  of 
m a g n e t iz a t io n  r e n d e r  th is  e s t i m a te  of the  p e r io d  and  a m p l i tu d e  
of doubtfu l s ig n if ic a n ce .
11. 5 F ie ld  Method. B o s s o la s c o  (1958) h a s  sough t to 
c i r c u m v e n t  m uch  of the  te d io u s  w o rk  n e c e s s a r y  to o v e rc o m e  the  
s c a t t e r ,  by m e a s u r in g  in the  f ie ld  w ith  a m a g n e t ic  v a r i o m e t e r  
the  a v e r a g e  d i r e c t io n  of m a g n e t iz a t io n  of la v a  f low s . T h is  
m e th o d  is  th w a r te d  w ith  d a n g e r .  I t  r e q u i r e s  an  a c c u r a t e  
know ledge  of the  g e o m e t r i c  f o r m  of the  la v a  flow s and  the 
m a g n e t ic  p a r a m e t e r s ,  and  a s s u m e s  the  s ta b i l i ty  of the  l a v a s .
T h is  in fo rm a t io n  is  known only  in  v a r y  r a r e  c a s e s .  F u r t h e r m o r e ,  
th e  m e th o d  is  r e s t r i c t e d  to th in  s h e e t s  ( fo r  r a p id  cooling  and  
h en ce  a u n i fo rm  d i r e c t io n  of m a g n e t iz a t io n )  w hose  t im e  
r e l a t io n s h ip s  a r e  known.
11,6  T he Cooling of S i l l s .  To avo id  m a n y  of the  d i f f ic u l t ie s  
invo lved  in the  m e th o d s  o u tl in ed  above  it  w as  though t p o s s ib le  to  
u s e  the  coo ling  h i s to r y  of a  d o l e r i t e  s i l l  ( ' v  1000 ft) to t r a c e
the  s e c u l a r  v a r ia t io n .  F o r  a  th ic k  d o le r i t e  s i l l  w h ich  m ay  have
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ta k e n  s e v e r a l  th o u san d  y e a r s  to  coo l, the  r a t e  of ad v an c e  of 
the  C u r ie  P o in t  s u r f a c e  f r o m  th e  c o n ta c t  to the  c e n t r e  m a y  be 
c a lc u la te d  on r e a s o n a b le  a s s u m p t io n s  ( J a e g e r  ( 1957), J a e g e r  & 
G re e n  (1956) ). The known r a t e  of a d v an ce  of the  coo ling  
s u r f a c e  p ro v id e s  a t im e  s c a le  w h ic h  m a y  be u s e d  to p lo t  the  
v a r i a t io n  of the  d i r e c t io n  of m a g n e t iz a t io n  w ith  r e s p e c t  to t im e .
(In a c tu a l  fa c t  the  m a g n e t iz a t io n  of a  coo ling  body does  no t 
b e c o m e  s ta b i l iz e d  un ti l  th e  b lo c k in g  t e m p e r a t u r e  (N eel ( 1955) ) 
is  r e a c h e d ,  bu t fo r  the  d o le r i t e  s i l l  th i s  i s  p ro b a b ly  a t  a  few 
d e g r e e s  below  the  C u r ie  P o in t) .
M e a s u r e m e n ts  w e re  c a r r i e d  out on a b o r e - c o r e  
(No. 5001) f r o m  a T a s m a n ia n  d o l e r i t e  s i l l  ab o u t 430 m e t r e s  in 
th ic k n e s s .  (T he  d o le r i t e  is  of J u r a s s i c  o r  C r e ta c e o u s  age).
T he c o re  w as  m a d e  a v a i la b le  by th e  H y d ro  E l e c t r i c  C o m m is s io n  
of T a s m a n ia .  P r e v io u s  p a la e o m a g n e t ic  w o rk  had shown th a t  
th e  T a s m a n ia n  d o le r i t e s  a r e  m a g n e t iz e d  w ith  an  in c l in a t io n  of 
85° ( J a e g e r  & Jo p l in  (1955), A lm o n d  e t  a l  ( 1956), I rv in g  (1956) ).
S ix  o r  m o r e  s a m p le s  w e r e  ta k en  a lo n g  the  c o re  a t  
i n t e r v a l s  of abou t 100 ft. T he  in c l in a t io n  in e ac h  s a m p le  h a s  
been  m e a s u r e d  and the m e a n  in c l in a t io n  and  the  95% p ro b a b i l i ty  
e r r o r  a t  e a c h  in te r v a l  o b ta in ed .
In F ig .  1 th e  t im e  ta k e n  fo r  the  C u r ie  t e m p e r a t u r e  
to m ove  a g iven  d is ta n c e  in w a rd s  f r o m  th e  m a r g in  of a  s h e e t  of 
th ic k n e s s  D m e t r e s  fo r  v a r io u s  v a lu e s  of the  r a n g e  of
CMO 0 20 0-30 0 4D
Distance from margin (metres)
1 i<r. 1 - The  t i m e  taken far the ( u r i c  t e m p e ra tu re  0r to more  a n y  d i s tance  i n n a r d s  f r o m  
the m a r g in  o f  a sheet o f  th ickness  I) metres  for var ious values  o f  the range o f  so l id i f i ca t io n , 
T , to T , . Curv e  1: T , -- 1000° C, 'I , =  800“ C. 0C - 580" C. Curve  I I :  T_> =  1 100« C, 
T* -  800" C, 0r 580" C. Curve  I I I : T , =-• 1000" C, 1, = 800" C, 0r -- 500" C. 
Curve  I V :  T, 1100" C, T, -  800" C, -  50 (P  C.
F i g .  X I  -  1 C ooling  r a t e s  fo r  th ic k  in t r u s iv e  s i l l s
so l id i f ic a t io n ,  T2 to T p  i s  g iven . T h is  c a lc u la t io n  is  by w w cl 
J a e g e r  (1957) and is  b a s e d  on th e  a s s u m p t io n s  th a t  the  
d i f fu s iv i ty  is  the  s a m e  in the  d o l e r i t e  and  the  co u n try  r o c k  
an d  a l s o  th a t  L c a lo r i e s  p e r  g r a m  of la te n t  h e a t  i s  l ib e r a te d  
o v e r  th e  t e m p e r a t u r e  r a n g e  of s o l id i f ic a t io n .
In F ig .  2 the  o b s e r v e d  in c l in a t io n  I is  p lo t ted  a g a in s t  
d e p th  and  in F ig .  3 the  in c l in a t io n  is  p lo t ted  a g a in s t  t im e ;  
the  t im e  a b c i s s a  be in g  o b ta in ed  f r o m  F ig .  2 by m e a n s  of the  
dep th  t im e  r e la t io n a h ip  g iven  in F ig .  1. The  r e s u l t s  su g g e s t  
an  o s c i l l a t io n  of abou t 3° w ith  a p e r io d  of abou t 400 y e a r s ,  bu t 
the  e r r o r s  in e ac h  d e te r m in a t io n  of in c l in a t io n  is  su ch  th a t  the  
v a r i a t io n s  canno t be  shown to be  r e a l .
F u r t h e r  s am p l in g  f r o m  Mt. W elling ton , T a s m a n ia ,  a g a in  
p r e s e n t e d  the  s a m e  d if f icu l ty .  T h e  n a tu r a l  s c a t t e r  in d i r e c t io n  
in  r o c k s  is  l a r g e  c o m p a r e d  w ith  th e  e ffe c t  sough t and a 
t r e m e n d o u s  am o u n t of w o rk  would be n e c e s s a r y ,  to  r e v e a l  a t  a  
s ig n i f ic a n t ly  h igh  s t a t i s t i c a l  lev e l ,  the  s e c u l a r  v a r ia t io n .
11 .7  S ta t i s t i c a l  M ethods of S tudying  the  S e c u la r  V aria tion .
W atso n  & I rv in g  (1957) g ive  a m e th o d  of s e p a r a t in g  the  m e a s u r e d  
d i r e c t io n s  of m a g n e t iz a t io n  in a  r o c k  fo r m a t io n  in to  two p a r t s ,  
the  w ith in  s i t e  and  the  b e tw e e n - s i t e  p r e c i s io n  and  they  su g g es t  
th a t  th e  b e tw e e n - s i t e  p r e c i s io n  , would be c o n tro l le d
p r in c ip a l ly  by the  a m p l i tu d e  of the  s e c u l a r  v a r ia t io n .  O th e r  
in f lu e n c e s  s u c h  a s  r e l a t iv e  ro ta t io n  of s i t e s  due to e a r th  m o v e m e n ts
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Fig. 2
v
° Oepfh(f f )  500
Inclination  I plotted against depth in  a thick sill.
F ig . XI - 2. T he  in c lin a tio n  p lo tte d  a g a in s t  dep th  in  a  co o lin g  s i l l
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Fig. 3 - Inclina tion  I p i t t e d  against tim e jo r  the sill o f Fig. 2 on the assum ption  that the 
thickness o f the sill is 1400/* and that 50 f t  above the collar has been weathered avoav.
F ig . XI - 3, T h e  in c lin a tio n  p lo tte d  a g a in s t  t im e  fo r  a  coo lin g  s i l l
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cou ld  i n c r e a s e  th is  d i s p e r s io n  so r e p r e s e n t s  an e s t i m a te
of the  u p p e r  l im i t  of the  r a n g e  of s e c u l a r  v a r ia t io n .  T h e s e  
e s t i m a t e s  fo r  th e  s ta b le  fo r m a t io n s  d i s c u s s e d  in th is  t h e s i s  
h av e  b e e n  p r e p a r e d  (T ab le  1),
T h e  r e s u l t s  f r o m  the  O ld e r  and  N e w e r  V o lc a n ic s  and  
the  N e th e r c o te  b a s a l t s ,  a r e  of c o m p a r a b le  m a g n itu d e  w ith  the  
p r e s e n t - d a y  s e c u l a r  v a r ia t io n ,  w h e r e a s  the  v a lu e  c a lc u la te d  
f o r  th e  C a n b e r r a  v o lc a n ic s  is  v e r y  m u c h  l a r g e r .  T h is  m a y  
w ell  be b e c a u s e  the  t im e  in te r v a l  c o v e r e d  by th e  C a n b e r r a  
v o lc a n i c s  is  v e r y  l a r g e  (S i lu r ia n  - L o w e r  D evonian) and  
e x te n s iv e  r a n d o m  p o la r  m o v e m e n ts  of the  type  d i s c u s s e d  in 
C h a p te r  IX (a ls o  G re e n  (1958) ) m ay  have  ta k en  p la ce ,  th u s  
add ing  a c o m p o n en t of p o la r  m o v e m e n t  to the  s e c u l a r  v a r i a t io n .  
T h e  a d v a n ta g e s  of th i s  s t a t i s t i c a l  m e th o d  a r e  fou rfo ld :
1) It is  a p p l ic a b le  to r o c k s  of any  p e r io d ,
2) It d o es  no t r e q u i r e  d e ta i le d  e x p e r im e n ta l  w o rk  o th e r
th a n  is  invo lved  in a p a la e o m a g n e t ic  s u rv e y  s in c e  the  
v a lu e  i s  o b ta in ed  a long  w ith  th e  o th e r  r e s u l t s
( e . g .  m e a n  d i re c t io n ) .
3) T he  n u m b e r  of s a m p le s  (and t h e r e f o r e  the  w o rk  involved) 
f o r  a  s t a t i s t i c a l l y  s ig n if ic a n t  v a lu e  i s  l e s s  th an  is  
r e q u i r e d  in m e th o d s  1 1 .4  and  1 1 .6 ,
4) T h e  m e th o d  e l im in a te s  th e  unw an ted  w i th in - s i t e  v a r i a t io n s  
(w hich  a r e  so t r o u b le s o m e  in m e th o d s  1 1 .4  and  11 ,6  and
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w hich  a r e  p ro b ab ly  due to c a u s e s  o th e r  th an  s e c u l a r  v a r ia t io n .
T h e  d is a d v a n ta g e s  of th e  m e th o d  a r e  f i r s t l y ,  i t  g iv e s  no 
in fo r m a t io n  about the  p e r io d  and  seco n d ly ,  ow ing to c a u s e s  o th e r  
th an  s e c u l a r  v a r ia t io n  (u n d e te c te d  t i l t in g  of s a m p l in g  s i te s )  
an  a d d i t io n a l  com ponen t can  be  a d d ed  to the  b e tw e e n - s i t e  
v a r ia t io n .
11,8  C onclusions . T he  r e s u l t s  f r o m  th e  K a in o zo ic  v a r v e s  
( 11.2) and  la v a s  (E tn a  11. 1, V ic to r i a  11. 7) a l l  g ive  e s t i m a te s  
of abou t 20° fo r  the  s e c u l a r  v a r i a t i o n .  W hile  th e s e  v a lu e s  a r e  
c o m p a r a b le  w ith  the  a m p l i tu d e  o b s e r v e d  a t  L ondon  o v e r  the  l a s t  
450 y e a r s  they  a r e  s l ig h t ly  bu t  c o n s i s te n t ly  g r e a t e r .  T h is  i s  
to be ex p ec te d  b e c a u s e  the  p e r io d s  sp an n ed  by the  r o c k s  is  of the  
o r d e r  10 - 10 y e a r s  w h e r e a s  th e  L ondon  r e c o r d  c o v e r s  only
450 y e a r s  and  in th is  in t e r v a l  of t im e  a c o m p le te  cy c le  of the  
s e c u l a r  v a r ia t io n  h a s  no t been  c o m p le te d .  Such is  th e  a g r e e m e n t  
b e tw een  the  o b s e r v a to r y  v a lu e s  and  the in d i r e c t ly  o b s e r v e d  v a lu e s .
In th e  U p p e r  D ev o n ian  c lo s e ly  c o m p a r a b le  v a lu e s  a r e  
a g a in  found. The r e s u l t  f r o m  th e  U p p e r  S i lu r ia n  - L o w e r  
D evon ian  is  l a r g e  but no t u n e x p e c te d .
In view  of th e s e  r e s u l t s  i t  d o e s  n o t  s e e m  im p ro b a b le  th a t  
the  s e c u l a r  v a r ia t io n  in th e  g e o m a g n e t ic  f ie ld  h a s  a lw ay s  been  
p r e s e n t  and  f u r th e r m o r e  th e  a m p l i tu d e  of th e  s e c u l a r  v a r ia t io n  h a s  
a lw ay s  been  of the  s a m e  o r d e r  of m a g n i tu d e .
C h a p t e r  XI
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C H A P T E R  XII
A P P L IC A T IO N  O F RO CK  M AGNETISM  TO SOME
PR A C T IC A L  PR O B L E M S
12, 1 T h is  c h a p te r  h a s  been  d iv id ed  into two p a r t s ,  
b o th  of w hich  have  b e e n  p u b l ish e d  s e p a r a t e ly  
a s  s c ie n t i f ic  p a p e r s .
P a r t  1 "T h e  U se  of M ag n e tic  M e a s u r e m e n ts  
fo r  the  S tudy of the  S t r u c tu r e  o f  
T a lu s  S lo p e s"
P a r t  2 " P a la e o m a g n e t i s m  and  M ag n e tic  
P r o s p e c t in g "
P A R T  1. THE USE O F  M AG N ETIC M EASUREM ENTS 
FOR THE STUDY O F  T H E  ST R U C T U R E  O F
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TALUS SL O PE S
12.2  In the  C e n t r a l  P la te a u  of T a s m a n i a ,  l a r g e  e n g in e e r in g  
p r o j e c t s  a r e  b e ing  u n d e r ta k e n  by th e  H y d ro  E l e c t r i c  C o m m is s io n  
of T a s m a n ia .  F o r  sa fe  and  e c o n o m ic  tu n n e l l in g  o p e ra t io n s  it is  
h igh ly  a d v is a b le  to be a b le  to d i s t in g u is h  b e tw een  so l id  r o c k  and 
b ro k e n  g ro u n d  and  ta lu s .  T he  ty p e  of g round  is  d if f icu l t  to 
d e te r m in e  f r o m  the  d e g re e  of w e a th e r in g  and  c o re  r e c o v e r y  
f r o m  b o re  c o r e s  but J a e g e r  and  G r e e n  (1958), in a p r e l im in a r y  
s tu d y  of a c o re  ta k e n  th ro u g h  a t a lu s  s lo p e  d e r iv e d  f r o m  and 
r e s t i n g  upon a d o le r i t e  s i l l ,  found th a t  m a g n e t ic  m e a s u r e m e n t s  
could  be of c o n s id e ra b le  v a lu e  in e lu c id a t in g  the  s t r u c t u r e  of a 
t a lu s  s lo p e ,  b e c a u s e  the  r o c k  in s i tu  w as  m a g n e t iz e d  in an 
a lm o s t  v e r t i c a l  d i r e c t io n  a s  in o th e r  d o le r i t e  s i l l s  of T a s m a n ia ,  
( J a e g e r  and  J o p l in  (1955), I rv in g  ( 1956) ) w h e r e a s  t a lu s  h a s  low 
d ip s .
A d e ta i le d  e x a m in a t io n  of th e  s a m e  ta lu s  s lope  h a s  s in ce  
b een  u n d e r ta k e n  and  in ad d it io n  to a n  a c c u r a t e  and p o s i t iv e  
d e te r m in a t io n  of the  dep th  of ta lu s  c o v e r  i t  h a s  b e e n  found th a t  in 
th e  u p p e r  p a r t  of the  ta lu s  c o lu m n a r  d o le r i t e  b lo c k s  have  fa l len  
in to  s u b - h o r iz o n ta l  p o s i t io n s ,  w h e r e a s  a t  lo w e r  le v e l s  the  c o lu m n s  
a r e  only  s l ig h t ly  t i l te d .  T h is  s u g g e s t s  th a t  t h e r e  a r e  two s ta g e s
in the  fo r m a t io n  of a  t a lu s  s lo p e .  T he  c o lu m n a r  b lo c k s  t i l t ,
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F ig ,  XII - 2. C a r e y 's  (1958) i n t e r p r e t a t i o n  of the  fo r m a t io n  of 
the  ta lu s  s lope  on the  W e s te r n  T i e r s .  T h is  i n t e r p r e t a t i o n  is  
l a r g e ly  b a s e d  on the  r e s u l t s  of th e  m a g n e t ic  m e a s u r e m e n t s
251giv ing  b ro k e n  g round , and  s u b s e q u e n t ly  th e  b lo ck s  fa l l  o v e r  
an d  c o m e  to  r e s t  in a  sub h o r i z o n ta l  p o s i t io n .  C a r e y ' s  ( 1958) 
in t e r p r e t a t i o n  of the  fo r m a t io n  of a  t a lu s  s lope  is  shown (F ig .  2).
12. 3 G eo lo g y . The geo logy  of the  a r e a  s tu d ied  h a s  b e en  
m a p p e d  in  d e ta i l  by M c K e lla r  ( 1957). Into a  4000 ft.  s eq u e n c e  
of g en tly  d ipp ing  P e r m i a n  and T r i a s s i c  s e d im e n ts ,  a  1200 ft. 
th ic k  d o l e r i t e  sh ee t ,  p ro b a b ly  of J u r a s s i c  age , w as  in je c te d .
The d o l e r i t e  is  e v e r w h e r e  e x p o se d  b e c a u s e  e r o s io n  h a s  re ip o v e d  
the  ro o f  s e d im e n ts .  No doubt th e  e r o s io n  w as  a id ed  by the  s t ro n g  
fau lt in g  w hich  o c c u r r e d  d u r in g  th e  T e r t i a r y  and c u lm in a te d  in 
the  fo r m a t io n  of the  e x te n s iv e  C e n t r a l  P la te a u  with a r e l i e f  of 
o v e r  3000 ft.  The  W e s te rn  T i e r s  h av e  b e en  fo r m e d  by s c a r p  
r e t r e a t  ( s o m e  th r e e  m ile s )  f r o m  th e  m a in  n o r th - w e s t  t r e n d in g  
fau lt  - th e  T i e r s  F a u l t .  T h is  s te e p  s c a r p  is  c o v e re d  w ith  the  
ta lu s  d e p o s i t .  T h e  d o le r i t e  i s  d iv id ed  in to  v e r t i c a l  c o lu m n s  about 
5 ft, a c r o s s ,  by a c o n t ra c t io n  jo in t  .
12. 4 R e s u l t s .  The r e s u l t s  o f  the  m e a s u r e m e n t s  a r e  
ta b u la te d  in T ab le  1 and g ra p h ic a l l y  p r e s e n t e d  in F ig .  1. No 
a c c o u n t  of th e  a z im u th  of the  d i r e c t io n  of m a g n e t iz a t io n  h a s  been  
ta k en  b e c a u s e  i t  is  a lw ay s  lo s t  in s a m p l e s  f r o m  b o r e - c o r e s .
In h o le  50 33 it can  be s e e n  th a t  f r o m  the  c o l l a r  to a  dep th  
of 291 ft. the  s a m p le s  have  r a t h e r  low a n g le s  of in c l in a t io n  which 
a r e  a lm o s t  w ithout e x cep tio n  l e s s  th an  45° an d  w ith the  m a jo r i ty
T A B L E  XII - 1
Hole No. 5086
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D epth  in fe e t  be low  
c o l l a r  of ho le
In c l in a t io n  
in D e g r e e s
D ep th  in fe e t  be low  
c o l l a r  of ho le
In c l in a t io n  
in D e g r e e s
150 86 750 86
300 88 801 89
400 86 850 84
497 88 900 86
701 90 1000 86
Hole No, 5085
D ep th  in fe e t  be low  
c o l l a r  of ho le
In c l in a tio n  
in D e g r e e s
D ep th  in fe e t  below 
c o l l a r  of h o le
In c l in a t io n  
in D e g r e e s
4 65 172 54
16 20 176 70
27 62 180 86
39 37 190 87
50 26 201 80
80 36 225 87
100 31 251 80
112 41 275 85
125 36 306 87
150 59 400 79
160 61 450 90
170 61 510 86
T A B L E  XII 1 C o n t ’d
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D epth  in f ee t  be low 
c o l l a r  of ho le
Hole No. 5088
In c l in a t io n  
in D e g r e e s
2 82
82
13 78
78
22 84
82
34 79
86
44 85
88
53 84
84
63 88
85
72 87
84
82 87
85
96 85
84
108 87
87
119 87
86
129 88
86
140 84
85
T A B L E  XII 1 C o n t 'd
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D ep th  in fe e t  below 
c o l l a r  of hole
2 5
37
49
65
76
85
99
113 12
124 30
138 28
151 15
164 14
174 18
201 22
214 34
225 44
251 17
D ep th  in fe e t  below  In c l in a tio n  
c o l l a r  of h o le  in D e g r e e s
260 4
270 2
280 52
283-300  15
300-314  84
317 90
350 89
373 90
400 82
426 88
455 85
459 90
474 88
502 89
526 82
548 90
Hole No, 5033
In c l in a tio n  
in D e g r e e s
5
4
7
20 
22 
35
9
T A B L E  XII 1 C o n t 'd
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H ole No, 5032
D ep th  in fe e t  below  
c o l l a r  of ho le
In c l in a t io n  
in D e g r e e s
D ep th  in fe e t  be low  
c o l l a r  of ho le
In c l in a t io n  
in D e g r e e s
10 45 180 50
28 28 188 48
37 60 196 19
48 23 201 78
62 20 209 61
75 11 226 37
102 17 231 53
126 9 252 79
139 6 275 77
149 12 295 68
160 19 315 69
H ole No. 5019
D ep th  in fe e t  below 
c o l l a r  of ho le
In c lin a tio n  
in D e g r e e s
D ep th  in fe e t  below  
c o l l a r  of ho le
In c l in a t io n  
in D e g r e e s
12 15 199 59
31 42 226 68
48 50 249 58
75 53 276 63
99 50 300 70
125 57 329 53
152 58 363 65
175 58 333 65
T A B L E  XII 1 C on t 'd
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H ole No. 5020
D ep th  in fe e t  below In c l in a t io n D ep th  in fe e t  below In c l in a t io n
c o l l a r  of ho le in D e g r e e s c o l l a r  of ho le in D e g r e e s
11 8 72 5
25 5 91 34
47 21
H ole  No. 5030
D ep th  in fe e t  below In c l in a t io n D ep th  in fe e t  below In c l in a t io n
c o l l a r  of ho le in D e g r e e s c o l l a r  of ho le in D e g r e e s
50 28 100 69
75 11 110 81
T he  in c l in a t io n  of the  p e r m a n e n t  m a g n e t iz a t io n  of 
s a m p le s  of c o re  o b ta ined  f r o m  a ta lu s  s lo p e  on th e  T a s m a n ia n
W e s te rn  T i e r s .
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l e s s  th an  35°. T he  re g io n  f r o m  28 3 ft.  to  314 ft. i s  one of 
s t r o n g  fa c tu r in g  and  v e r y  p o o r  c o r e  r e c o v e r y .  F r o m  314 ft. 
to  328 ft. t h e r e  is  s t i l l  s t ro n g  f r a c tu r in g  and  v e r y  p o o r  c o re  
r e c o v e r y  bu t th e  in c l in a t io n  h a s  now b e c o m e  high, and  h igh  v a lu e s  
w ith  an  a v e r a g e  v a lu e  of 87° a r e  m a in ta in e d  to the  b a s e  of th e  
h o le .
T h e s e  r e s u l t s  s u g g e s t  th a t  a l l  th e  d o le r i t e  be low  314 ft.
( i .  e. a l l  the  d o le r i t e  w ith  a  h ig h  in c lin a tio n )  is  in s i tu  an d  th a t  
the  t r a n s i t i o n  to ta lu s  ta k e s  p la c e  in  the  re g io n  b e tw een  28 3 ft 
and 314 f t . ,  w hich  c o n s i s t s  of s m a l l ,  bad ly  b ro k e n  m a t e r i a l .  
A bove th is  reg io n ,  ju dg ing  by the  f a i r l y  good c o re  r e c o v e r y ,  
the  m a t e r i a l  a p p e a r s  to c o n s i s t  of l a r g e  b lo ck s  of e lo n g a ted  jo in t  
co lu m n s ,  w hich  have  b ro k e n  off and  w hose  low m a g n e t ic  
in c l in a t io n s  show th a t  th ey  a r e  ly in g  in a sub h o r iz o n ta l  
p o s i t io n .
In h o le s  5019, 5020 and  50 30 th e  r e l a t iv e ly  low in c l in a t io n s  
in d ic a te  th a t  a l l  the  m a t e r i a l  i s  t a lu s  (e x c e p t  p o s s ib ly  the  lo w e s t  s a m p le  
of 5030). B o re h o le  50 32 a p p e a r s  to  be in b ro k e n  g ro u n d . Low 
in c l in a t io n s  p re d o m in a te  to  a dep th  o f  196 f t . ,  in d ic a t in g  th a t  the  
m a t e r i a l  is  e n t i r e ly  ta lu s ;  below  th is  dep th  the  in c l in a t io n s  a r e  s t e e p e r ,  
a v e r a g in g  7 5°, but not so s te e p  a s  d o le r i t e  in s i t u . T h is  s u g g e s ts  
th a t  the  lo w e r  p a r t  of the  ho le  m ay  be th ro u g h  co lu m n s  w hich  have  t i l t e d  
but no t y e t  fa l len  o v e r .  T he  s a m e  a p p e a r s  to  be  t r u e  of h o le  508 5 
w h e re  m o d e r a te  in c l in a t io n s  o c c u r  to a d ep th  of 176 ft.  and  below  w hich
th e  in c l in a t io n s  b e c o m e  n e a r ly  v e r t i c a l .  H o w ev e r ,  the  ho le  is  a t  an
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a n g le  of d e p r e s s io n  of 70° and  the  in c l in a t io n  of the  r o c k  in s i tu  would 
be  e x p e c te d  to  be of the  o r d e r  of 70°, but t h e r e  i s  a l s o  the  p o s s ib i l i ty ,  
w ith  w hich  the  C h ie f  E n g in e e r  of th e  H. E. C. i s  in c o m p le te  a g r e e m e n t ,  
t h a t  ev en  though  the  ho le  w as  c o m m e n c e d  a t  an  an g le  of d e p r e s s io n  of 
70° i t  b e c a m e  v e r t i c a l  a f t e r  a  s h o r t  d i s t a n c e  owing to the  d r i l l  be ing  
d e f le c te d  by th e  v e r y  s t ro n g  v e r t i c a l  jo in t in g .  T h is  would ex p la in  
v e r y  s a t i s f a c t o r i l y  the  h igh  and u n i fo rm  in c l in a t io n s  o b ta in ed  below 
176 f t . ,  su g g e s t in g  th a t  be low  th is  le v e l  th e  d o le r i t e  i s  in s i tu  and  
above  i t  the  r o c k  is  ta lu s  m a t e r i a l .  The  m e a s u r e m e n t s  a l s o  show 
c a s e s ,  su ch  a s  in 5085, w h e re  a d ja c e n t  s a m p le s  show u n i fo r m i ty  in 
in c l in a t io n ,  and  when th e s e  d a ta  a r e  ta k en  in c o n ju n c t io n  w ith  the  d e n s i ty  
m e a s u r e m e n t s  (M cD ougall and G re e n  ( 19 58) ) th ey  s u g g e s t  th a t  v e r y  
l a r g e  b lo c k s  of d o le r i t e  - up to 300 y a r d s  a c r o s s  and  100 ft. in h e ig h t  - 
h av e  m o v ed  a s  a un it down the  ta lu s  s lo p e .  B o re  h o le  5088 w as d r i l l e d  
on th e  p ro p o s e d  p o s i t io n  of a  s u r g e - t a n k .  T h e r e  i s  the  s u g g e s t io n  th a t  
b ro k e n  g ro u n d  o c c u r s  to a d ep th  of 34 ft. bu t be low  w hich  the  d o le r i t e  is  
so l id .
F r o m  the  above  w ork , i t  can  be s e e n  th a t  r o c k  m a g n e t i s m  can  be 
a p p l ie d  w ith  a d v an tag e  to s e le c te d  c iv i l  e n g in e e r in g  p r o b le m s .
P A R T  2
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PA L A E O M A G N ET ISM  AND M AGNETIC 
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12.5  In t ro d u c t io n .  T he in te r p r e t a t i o n  of m a p s  of m a g n e t ic  in te n s i ty  
h a s  te n d ed  to be  b a s e d  upon the  p r e m i s e  th a t  the  m a g n e t iz a t io n  of the  
r o c k  m a t e r i a l  i s  b ro u g h t about so le ly  by m a g n e t ic  in d u c tio n .  H o w ev e r ,  
th is  p r e m i s e  is  g e n e r a l ly  no t t r u e ,  b e c a u s e  m an y  r o c k s  a r e  p e rm a n e n t ly  
m a g n e t iz e d .  F o r  m o s t  la v a s  the  fo llow ing  th r e e  p o in ts  a r e  im p o r ta n t ;
1) th e  p e rm a n e n t  m a g n e t iz a t io n  can  h a v e  a d i r e c t io n  s ig n if ic a n t ly  
d i f f e r e n t  f r o m  the  p r e s e n t  g e o m a g n e t ic  f ie ld ;
2) the  m a g n itu d e  of the  p e r m a n e n t  m a g n e t iz a t io n  of l a v a s  can  
g r e a t ly  ex ce e d  the  induced  m a g n e t iz a t io n ;
3) i t  is  the  m ag n itu d e  and d i r e c t io n  of the p e r m a n e n t  m a g n e t iz a t io n  
w hich  d e t e r m in e s  the  sh ap e  of a  m a g n e t ic  p ro f i le  o v e r  an ig n eo u s  
body of a  g iven  sh ap e , in th o s e  c a s e s  w h e re  the  in te n s i ty  i s  h igh .
12.6 I n te r p r e ta t io n  of a  M agne tic  Map in w hich  One G ro u p  of R o ck s  
is  P e r m a n e n t ly  M ag n e t iz ed .
T he  p ro b le m  w hich  f a c e s  the
e x p lo ra t io n  g e o p h y s ic is t  is  to deduce  f r o m  a m a p  of the  m a g n e t ic  in te n s i ty ,  
the  m o s t  p ro b a b le  g e o lo g ic a l  s t r u c t u r e .  T h e r e  is  an  e x te n s iv e  r a n g e  in 
the  d e ta i l  to w h ich  the  a n a ly s is  of m a g n e t ic  d a ta  m a y  be ta k en .  It m ay  
ra n g e  f r o m  v is u a l  in sp e c t io n  by a s k i l le d  o p e r a t o r  w ith  h i s  on the  spot 
e v a lu a tio n ,  to a  c o m p le te  q u a n t i ta t iv e  a n a ly s i s  of e l e c t r o n i c  co m p u ta t io n  
m e th o d s  (S h a rp e  e t a l  ( 1952), and S im p so n  ( 1954) ). H o w ev er ,  a
w id e ly  u sed  m e th o d  is  to fit the  o b s e r v e d  a n o m a l ie s  to p r e p a r e d  p r o f i l e s  
f o r  c a lc u la te d  a n o m a l ie s  o v e r  co m m o n ly  o c c u r r in g  g e o lo g ic a l  s t r u c t u r e s .  
A v a s t  am o u n t  of w o rk  h a s  b een  ex pended  in p r e p a r in g  the  c a lc u la te d  
p r o f i l e s  b e c a u s e  the  shape  of the  p ro f i le  d e p en d s  upon th r e e  v a r ia b le ,
1) the  sh ap e  of the  s t r u c t u r e  g iv ing  r i s e  to th e  an o m aly ;
2) the  s t r i k e  of the  s t r u c tu r e ;
3) the  la t i tu d e  of the  s t r u c t u r e  and  h e n ce  the  in c l in a t io n  of the  
g e o m a g n e t ic  f ie ld .
H o w ev e r ,  in p r e p a r in g  s e t s  of p r o f i l e s  th e  a s s u m p t io n  h a s  a lw ay s  
b e e n  m a d e  th a t  the  m a g n e t iz a t io n  is  induced  and  the  p e r m a n e n t  
m a g n e t iz a t io n  is  z e r o .  C o n seq u en tly ,  when the  a s s u m p t io n  th a t  the  
p e r m a n e n t  m a g n e t iz a t io n  is  z e r o  is  no t s a t i s f i e d ,  the  s e t s  of c u rv e  
canno t be u se d  a s  th ey  s tan d  to d ed u ce  the  sh ap e  and  o r ie n ta t io n  of 
the  s t r u c t u r e  g iv ing  r i s e  to  the  a n o m a ly .  G e o p h y s ic is t s  w>uld be m o s t  
lo a th  to  th ro w  aw ay  a l l  the  co n v en ien t  m e th o d s  of in t e r p r e t a t i o n  w hich 
h av e  b e en  d ev e lo p ed  fo r  m a g n e t ic  w ork , j u s t  b e c a u s e  r o c k s  a r e  
p e rm a n e n t ly  m a g n e t iz e d  but, a s  w ill be shown, it  is  p o s s ib le  to m od ify  
two of th e  t h r e e  v a r i a b l e s  to a c c o m m o d a te  the  p e r m a n e n t  m a g n e t iz a t io n ,  
and  a sh ap e  of th e  s t r u c t u r e  g iv ing  r i s e  to the  a n o m a ly  c a n  be  d ed u ced .
12 .7  Induced  M a g n e t iz a t io n . T he  e x p r e s s io n  f o r  the  a n o m a ly  in  the  
m a g n e t ic  f ie ld  b ro u g h t  abou t by an  a r b i t a r y  s u r f a c e  b e tw ee n  two b o d ie s  
w ith  d i f f e r e n t  m a g n e t ic  s u s c e p t ib i l i t i e s  and z e r o  p e r m a n e n t  m a g n e t iz a t io n  
can be e x p r e s s e d  in th e  fo r m  :
A T
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( 1 )
w h e re
AHT ^he m a g n e t ic  an o m a ly  
to ta l  m a g n e t ic  f ie ld
*X, th e  s u s c e p t ib i l i ty  in r o c k  No. 1 
th e  s u s c e p t ib i l i ty  in r o c k  No. 2
I D  th e  an g le  on a h o r iz o n ta l  p lan e  b e tw e e n  the  p ro je c t io n  of
the  d i r e c t io n  of m a g n e t iz a t io n  and  a r e f e r e n c e  l in e  in r o c k  
No. 2
I
F
th e  an g le  b e tw een  the  d i r e c t io n  of m a g n e t iz a t io n  and  the  
h o r iz o n ta l
th e  b o u n d a ry  be tw een  r o c k  No. 1 and  r o c k  No. 2 
a  func tion
In d ea l in g  w ith m a g n e t ic  p r o b le m s  fo r  w hich  s e t s  of p r o f i l e s
have  b e en  c o n s t r u c te d  the  d ep en d en t v a r i a b l e  is  a lw ay s  _____ A T _____
in w hich  c a s e  the  only v a r i a b l e s  a r e :
1) the  sh ap e  of th e  body f(c), g iv ing  r i s e  to the  an o m aly ;
2) th e  s t r i k e  of the  body w ith  r e s p e c t  to m a g n e t ic  n o r th ;  and
3) th e  in c l in a t io n  of the  m a g n e t ic  f ie ld .
A v e r y  u se fu l  s e t  of c u r v e s  b a s e d  on th e s e  t h r e e  v a r i a b le  h a s  b een  
p r e p a r e d  by G u la te e  ( 1938). A m o r e  r e c e n t  s e t ,  f o r  a e r o m a g n e t i c  
a n o m a l ie s  is  th a t  of V a c q u ie r  e t a l .  (1951).
1 2 .8  P e r m a n e n t  M ag n e tiz a t io n . If the  r o c k  m a s s e s  No. 1 and
No. 2 a r e  p e rm a n e n t ly  m a g n e t iz e d ,  th e  p e r m a n e n t  m a g n e t iz a t io n s  b e ing  
d e n o ted  by M-j_ and  M9 , the  r e s u l t a n t  m a g n e t iz a t io n s  can  be  e x p r e s s e d  
a s :
R x = M 1 + " XT  (2)
and
R 2 = M + *X2T (3)
The r o c k  m a s s e s  m ay  be c o n s id e r e d  to  be u n i fo rm ly  m a g n e t iz e d  
and  th e r e f o r e  the  m a g n e t iz a t io n  c o n t r a s t  in ro c k  No. 2 r e l a t i v e  to  r o c k  
No. 1 is  :
' r > n m
= M2 - M + (X ,  - X  ) T ( 4)
T he  in te n s i ty  of m a g n e t iz a t io n  R
a
is  th a t  w hich  would be
p ro d u c e d  by in d uc tion  in m a t e r i a l  2, if  i t s  s u s c e p t ib i l i ty  w e re
( 5)
and the  E a r t h ' s  f ie ld , of m a g n itu d e  | T j w e re  to a c t  in the  d i r e c t io n  
A  A
of T*a  . T he  g e o m a g n e t ic  f ie ld  of m a g n itu d e  | T j  a n d .d i r e c t io n
w ill  be d e s c r ib e d  a s  the  f ie ld  T . K w ill  be  r e f e r r e d  to a s  the
a a
"e q u iv a le n t  s u s c e p t ib i l i ty " .  T h u s  th e  r e s u l t s  fo r  th e  c a s e  o f  z e ro  
p e r m a n e n t  m a g n e t iz a t io n  can  be  ta k e n  o v e r  im m e d ia te ly .
F r o m  th e  r e s u l t s  of a p a la e o m a g n e t ic  s u r v e y  M-  ^ and M 9 a r e
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known and  h e n ce  R is  known. The p o s tu la te d  m a g n e t ic  f ie ld  T ,a  a
f o r  th e  g e n e r a l  c a s e ,  w ill  not be  in th e  d i r e c t io n  of the  g e o m a g n e t ic  
f ie ld  and  b e c a u s e  the  b o u n d a ry  f(c) , b e tw een  ro c k  No. 1 and r o c k  No. 2 
is  fixed , th e  two a n g le s  D and  I in f o r m u la  (1) w hich  define  the  
d i r e c t io n  of the  m a g n e t ic  f ie ld  r e l a t i v e  to the  r e f e r e n c e  l in e  in r o c k  
No. 2, w ill  h av e  d i f f e r e n t  v a lu e s  D and  I in th e  e q u iv a len t
cl cl
p o s tu la te d  c a s e .  T hus  in the  e q u iv a len t  p o s tu la te d  c a s e
A T  = T a X a F  (f(c), D a , Ia ) (6)
i t  can  b e  s e e n  th a t  r o c k s  w hich a r e  p e r m a n e n t ly  m a g n e t iz e d  can be  
c o n s id e r e d  to be m a g n e t iz e d  so le ly  by in d u c tio n .  It is  n e c e s s a r y  to 
m a k e  a n  a d ju s tm e n t  in the  v a lu e  of the  s u s c e p t ib i l i ty  and  to c o n s id e r  
th a t  the  s t r i k e  of the  m a g n e t iz e d  body is  D no t D , and the 
in c l in a t io n  of the  m a g n e t ic  f ie ld  i s  Ia not I . W hen th e s e  s im p le  
m o d if ic a t io n s  a r e  m a d e  a r e q u i r e d  sh ap e  of the  s t r u c t u r e  is  o b ta in ed  
f r o m  th e  im p l ic i t  eq u a tio n  (6).
12 .9  The M ethod A pp lied  to the  C en o zo ic  B a s a l t s  of E a s t e r n  A u s t r a l i a  
1) T he  Q u a te r n a r y  B a s a l t s . A s u r v e y  w as  c a r r i e d  out by G r e e n
and I rv in g  ( 1957) on the  p a la e o m a g n e t ic  p r o p e r t i e s  of the  T e r t i a r y  and  
Q u a te r n a r y  b a s a l t s  of E a s t e r n  A u s t r a l i a .  By f a r  th e  g r e a t e s t  e m p h a s i s  
w as  p la ce d  on c o l le c t in g  s a m p le s  f ro m  V ic to r ia  w hich  is  the  A u s t r a l i a n  
type  a r e a ,  and w h e re  the  age  of the  b a s a l t s  is  b e s t  d e te r m in e d .  In a ll ,  
127 s p e c im e n s  w e re  e x am in ed  and  th e  r e s u l t s  of th e  v a r i a t io n  of
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in t e n s i ty  and  s u s c e p t ib i l i ty  a r e  show n in F ig .  I l l  - 7 and  F ig .  I l l  - 8,
T he  v a lu e  of the  a v e r a g e  in te n s i ty  of m a g n e t iz a t io n  w hich  h a s  b e en  
a d o p te d  fo r  th e  c a lc u la t io n s  i s  2 1 .4  x 10 e. m , u .  and  a v e r a g e  
s u s c e p t ib i l i ty  is  9 .0  x 10 4 e . m . u .
If the  v a lu e  of 9 ,0  x 10 4 e . m . u .  i s  u sed  to c a lc u la te  the  
h e ig h t  of a  m a g n e t ic  p o te n t ia l  p ro f i le  o v e r  a d e ep  le ad ,  the  h e ig h t  of 
th e  c a lc u la te d  p ro f i le  w ill be  v e r y  m u c h  l e s s  th an  the  o b s e r v e d  h e ig h t .  
F r o m  eq u a tio n  (5) the  a p p r o p r ia t e  v a lu e  of the  s u s c e p t ib i l i ty  i s  eq u a l  to :
QCT + M)
|t |
T he  an g le  b e tw een  the  d i r e c t io n s  M and T is  of th e  o r d e r  of 
10° fo r  the  Q u a te r n a r y  b a s a l t s ,  and so th e  v a lu e  of the  eq u iv a len t  
s u s c e p t ib i l i ty  is  v e r y  c lo se  to th e  m a x im u m  v a lu e  w hich  is  :
f ( 9 . 0 x 0 .5  + 2 1 . 4 ) |  x 1 0"4
J
-4= 5 1 .8  x 10 e . m . u .
T h e  eq u iv a len t  s u s c e p t ib i l i ty  m a y  h av e  a m in im u m  v a lu e  fo r  r e v e r s e d
-4r o c k  eq u a l  to — 3 4 .0  x 10
F r o m  th e s e  f ig u r e s  it  can  be s e e n  th a t  the  e q u iv a len t  s u s c e p t ib i l i ty  
of m a g n e t iz e d  Q u a te r n a r y  b a s a l t s  i s  v e ry  m u c h  h ig h e r  th an  th e  v a lu e s
of s u s c e p t ib i l i ty  th a t  a r e  g iven  fo r  b a s a l t s  in th e  l i t e r a t u r e .  A lso  
th e  v a lu e s  to be u se d  in c a lc u la t io n s  a r e  v e r y  m u ch  h ig h e r  th an  th o se  
w hich  w ould be found by d i r e c t  m e a s u r e m e n t .
2) A b u tm e n t  of N o rm a l  and R e v e r s e d  F lo w s .  The d i r e c t io n  of
m a g n e t iz a t io n  of o r ie n te d  b a s a l t  s a m p le s  f r o m  q u a r r i e s  in the
M elb o u rn e  m e t ro p o l i t a n  a r e a  w as m e a s u r e d  and  both  n o r m a l  and
r e v e r s e d l y  m a g n e t iz e d  s p e c im e n s  w e re  found. T he  n o r m a l  and
r e v e r s e d  d i r e c t io n s  fo rm  s e p a r a t e  g e o g ra p h ic a l  g ro u p s ,  in d ica t in g
th a t  w h ile  the  b a s a l t  c o v e r  i s  con tinuous , a s h a r p  b o u n d a ry  in m a g n e t ic
p r o p e r t i e s  d o es  e x is t  in m an y  p la c e s .
In F ig .  (3) the  d is t r ib u t io n  of n o r m a l  and  r e v e r s e d  b a s a l t s  is
shown an d  a long  the  se c t io n  A B  th e  b a s a l t  c o v e r  is  continuous. It
w ould be e x p ec te d  th a t  the  m a g n e t ic  p ro f i le  would  be f la t  if  th e
m a g n e t iz a t io n  be  due so le ly  to in duc tion .
H o w ev e r ,  the  b a s a l t  to  the  n o r t h - e a s t  i s  r e v e r s e d  w h e r e a s  the
b a s a l t  to  the  s o u th -w e s t  is  n o r m a l  and f r o m  eq u a tio n  (5) the  e q u iv a len t
-4
s u s c e p t ib i l i ty  c o n t r a s t  is  40 x 10 e, m , u, T he  p ro f i le  of m a g n e t ic  
in te n s i ty  is  shown in F i g .  (4).
3) T he  W e s te rn  D i s t r i c t s  of V ic to r i a . S p e c im e n s  of b a s a l t
f ro m  th e  q u a r r y  of the  P o r t la n d  H a rb o u r  T r u s t  a r e  n o r m a l ly  m a g n e t iz e d  
w h e r e a s  the  r o c k  f r o m  Heywood q u a r r y  is r e v e r s e d .  B a s a l t  f ro m  
H a m il to n  q u a r r y  is  a lso  r e v e r s e d  w h e re a s  the  b a s a l t  f r o m  the  n e ig h b o u r ­
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ing  P e n s h u r s t  q u a r r y  is  n o r m a l .  It is  a p p a r e n t  th a t  a  s u rv e y  in th is
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Basalt flows, Melbourne. Vic.
Moonee Ponds Creek
reversedreversed
normal
normal
ffert Phillip
•  reversed 
o normal
F ig ,  XII - 3 « T h e  d i s t r ib u t io n  of n o r m a l  and  r e v e r s e l y  m a g n e t iz e d  
b a s a l t s  in the  M elb o u rn e  M e tro p o l i ta n  a r e a .  T h is  m a p  is  b a se d  on 
r o c k  s a m p le s  o b ta in ed  f r o m  the  n u m e r o u s  q u a r r i e s  in the  a r e a
Magnetic Intensity Profile
I O O O  gamma
-500
-IOOO
F ig .  XII - 4. The  P r o f i l e  of th e  v e r t i c a l  co m p o n en t of the  m ag n e t ic  
in te n s i ty  a c r o s s  the  v e r t i c a l  ju n c t io n  b e tw een  n o r m a l  and  
r e v e r s e l y  m a g n e t iz e d  b a s a l t  f lo w s . T he  th ic k n e s s  of the  b a sa l t  i s  
c o n s id e red ^ to  be 200 ft. and th e  e x p e r im e n ta l ly  found va lu e  of 
22. 4 x 10 e . m . u .  is  u sed  a s  th e  in te n s i ty  of p e r m a n e n t  m a g n e t iz a ­
tion
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a r e a  with a  m a g n e to m e te r  would r e v e a l  the  ju n c t io n  b e tw e e n  the
n o r m a l  and r e v e r s e d  r o c k  by a s h a r p  a n o m a ly ,  w h ich  would be
s i m i l a r  in sh ap e  to th a t  g iven  by a r e c t a n g u l a r  s la b .
4) S u rv e y s  o v e r  th e  T e r t i a r y  b a s a l t s  of T a s m a n i a  r e v e a l  m an y
-4s h a r p  a n o m a l ie s  bu t w hen an e q u iv a len t  s u s c e p t ib i l i ty  of 40 x 10 e . m . u .
b e tw een  n o r m a l  and  r e v e r s e d  b a s a l t  i s  u s e d  the  i n t e r p r e t a t i o n  of m a n y
of the  a n o m a l ie s  p r e s e n t s  v e r y  l i t t l e  d if f icu l ty ,  but it  is  s t ro n g ly
-4s t r e s s e d  th a t  the  a p p r o p r ia t e  s u s c e p t ib i l i ty  c o n t r a s t  of 40 x 10 e . m . u .  
be u sed .
G r e e n  and  I rv in g  ( 1957) found th a t  the  in c l in a t io n  of the  d i r e c t io n  
of m a g n e t iz a t io n  of th e  T e r t i a r y  b a s a l t s  w as s t e e p e r  th an  the  in c l in a t io n  
fo r  the  Q u a te r n a r y  b a s a l t s .  A s  an  a p p ro x im a t io n ,  the  T e r t i a r y  
b a s a l t s  m a y  be c o n s id e r e d  to be m a g n e t iz e d  p a r a l l e l  and  a n t i - p a r a l l e l  
to the  p r e s e n t  g e o m a g n e t ic  f ie ld .  T he  h igh  e q u iv a len t  s u s c e p t ib i l i ty  
of the  b a s a l t s  c o n t r ib u te s  l a r g e ly  to th e  e a s e  w ith  w hich  th e  o ld  d e ep  
le a d s  m ay  be fo llow ed . The I m p e r ia l  G e o p h y s ic a l  E x p e r im e n ta l  
S u rvey , b e tw een  1929 - 30, c a r r i e d  out s u r v e y s  o v e r  the  G ulgong g o ld ­
f ie ld , N. S. W. M ag n e tic  and r e s i s t i v i t y  m e th o d s  w e re  u s e d  o v e r  the  
b a s a l t  c ap p in g  flow s, and  s e i s m ic  and  g r a v i ty  m e th o d s  o v e r  the  a l lu v iu m .
It w as found th a t  the  m a g n e t ic  m e th o d  w as  the  m o s t  s u c c e s s f u l  in 
d e l in e a t in g  the  b o u n d a r ie s  of the  b a s a l t .
R a y n e r  ( 1940) c a r r i e d  out an  e x te n s iv e  s u r v e y  of the  G ulgong 
deep  le a d s  and  the  m a g n e t ic  m e th o d  w as ag a in  m o s t  s u c c e s s f u l .  A l a r g e  
p a r t  of the  s u c c e s s  of th e  m e th o d  can  b e  a t t r ib u te d  to th e  h igh  v a lu e  of
th e  eq u iv a len t  s u s c e p t ib i l i ty  w hich  c a u s e s  p ro n o u n c e d  a n o m a l ie s  w ith
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d is t in c t iv e  c h a n g e s  of s lope  a t  the  edge  of the  le a d .  In c a lc u la t in g  the  
th ic k n e s s  of th e  b a s a l t  capp ing  it is  a s  w e ll  to  r e m e m b e r  the h igh  v a lu e  
of the  e q u iv a len t  s u sc e p t ib i l i ty ,  o th e r w is e  the  c a lc u la te d  th ic k n e s s  w ill  
be  in e x c e s s  of the  r e a l  t h i c k n e s s .
12. 10 T he  P i l a n s b e r g  D y k es .  T h e s e  d y k es  ex ten d  o v e r  m an y  m i le s ,  
an d  th ro u g h o u t  t h e i r  e n t i r e  len g th  d is p la y  a d i r e c t io n  of p e rm a n e n t  
m a g n e t iz a t io n  w hich  is  u n i fo rm  but g r o s s l y  aw ay  f r o m  the  p r e s e n t  day 
g e o m a g n e t ic  f ie ld .  K ra h m a n n  ( 19 36) c a r r i e d  out m a g n e t ic  a o r k  b e tw ee n  
R an d fo n te in  and  P o tc h e f s t ro o m ,  T r a n s v a a l .  T he  m a g n e t ic  w o rk  w as  
f u r t h e r  ex ten d ed  and  r e s u r v e y e d  by G e l le t i c h  ( 19 37) who c o v e re d  m u c h  
o f S o u th e rn  T r a n s v a a l .  Gough ( 1956) c a r r i e d  out a p a la e o m a g n e t ic  
s u r v e y  of the  P i l a n s b e r g  dykes  and  h is  r e s u l t s  of the  d i r e c t io n s  of 
m a g n e t iz a t io n  a r e  g iven  in T ab le  (2).
F ig u r e  5 i s  tak en  f r o m  G e l le t ic h  ( 19 37) and  i t  sh o w s  the  e m e r g e n c e  
of dyke 6 f r o m  u n d e r  the  K a r ro o  s e d im e n ta r y  c o v e r  in the  v ic in i ty  of 
H e id e lb e rg ,  T r a n s v a a l .  The p a la e o m a g n e t ic  d i r e c t io n  found fo r  
R o b in so n  D eep  G. M. is  a p p r o p r ia t e  fo r  the  d i r e c t io n  of p e rm a n e n t  
m a g n e t iz a t io n  of G e l l e t i c h 's  dyke 6. T h is  dyke h a s  a l s o  b e en  e x a m in e d  
by K ra h m a n n  ( 19 36) by m e a n s  of a  g ro u n d  m a g n e to m e te r  s u rv e y .
K ra h m a n n  c o m m e n ts  on pp. 20 . . . .  " th e r e  have  b e en  d e te c te d  in the  s a m e  
a r e a  dykes  of the  P i l a n b e r g  s y s te m ,  the  m a g n e t iz a t io n  of w hich  canno t be 
ex p la in ed  by the  e f fe c t s  of in d uc tion  f r o m  th e  E a r t h ' s  m a g n e t ic  f ie ld .  The
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Fig. 2. Untertauc hen von Gang 6 unter die Karroo-Decke im Bezirk Heidelberg.
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F ig ,  XII - 5, T he  e m e r g e n c e  of G e l l e t i c h 's  Dyke 6 f r o m  u n d e r  
th e  K a ro o  s e d im e n ta r y  c o v e r  in the  v ic in i ty  of H e id e lb e rg ,  
T r a n s v a a l ,  (G e l le t i c h ’s data)
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U n s tab le
T he  d i r e c t io n  of m a g n e t iz a t io n  of s ix  P i l a n s b e r g  
d y k es  (G o u g h 's  ( 1957) d a ta ) .
<>
,  li-
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272m a g n e t iz a t io n  of th e s e  dykes  is  the  m o r e  r e m a r k a b l e ,  b e c a u s e  not 
on ly  i s  the  in te n s i ty  d i f f e r e n t  f r o m  th a t  w h ich  would be ex p ec te d  but 
so  a l s o  is  the  d i r e c t io n .  In F ig .  (6) a  g r a p h  of the  v e r t i c a l  in te n s i ty  
a c r o s s  su ch  a dyke is  g iven  to g e th e r  w ith  the  s u s c e p t ib i l i ty  of so m e  
s a m p l e s  a s  d e te r m in e d  in the  l a b o r a to r y .  If one a s s u m e s  th e  m a x im u m  
v a lu e  of the  s u s c e p t ib i l i ty  to be about 1700 x 10 c . g .  s .  e . m . u .  and  
c a lc u la te s  th e  m a x im u m  d is tu rb a n c e  o v e r  th e  o u tc ro p  of su ch  a body 
on th e  b a s i s  of induc tion  by the  E a r t h ' s  f ie ld  one a r r i v e s  a t  a  v a lu e  of 
- 320 g a m m a  a g a in s t  the  o b s e r v e d  v a lu e  of + 2, 300 g a m m a ,  T h e se  
f ig u r e s  show c le a r ly  the  s t r a n g e  m a g n e t ic  b e h a v io u r  of th e s e  r o c k s " .
K ra h m a n n  a l s o  s t a t e s  th a t  the  d i r e c t io n  of th e  g e o m a g n e t ic  
f ie ld  in T r a n s v a a l  is  - 
D = 16 W
I = -62
and i t s  in te n s i ty  is ,  
h o r iz o n ta l  15, 86 7 g a m m a
v e r t i c a l  -30, 02 3 g a m m a
F ig u r e  (7) i s  ta k en  f ro m  Gough ( 19 56) and  i t  sh o w s  the  d is t r ib u t io n
of th e  in te n s i t i e s  of r e m a n e n t  m a g n e t iz a t io n  in five  P i l a n s b e r g  dykes ,
-3a n d  a v a lu e  of 4 x 10 e, m . u . i s  a p p r o p r i a t e  fo r  the  in te n s i ty  of 
dyke 6,
R e c a p i tu la t in g ,  i t  i s  s e e n  th a t  th e  p a la e o m a g n e t ic  e le m e n ts  as  
found by Gough a r e  : -
- 3
1) in te n s i ty  of m a g n e t iz a t io n  = 4 x 10
2 ) d i r e c t io n
omagnetization
• 2 0 0 0  gamma
• 1 5 0 0
• I O O O
• 5 0 0
IOOO ft.
Krahmanns data
susceptibility.
1 5 0 0  x IO"6 
IOOO 
5 0 0
F ig .  XII - 6 . A g ra p h  of th e  v e r t i c a l  in te n s i ty  a c r o s s  a  
P i l a n s b e r g  dyke to g e th e r  w ith  th e  s u s c e p t ib i l i ty  of so m e  s a m p le s  
a r e  d e te r m in e d  in th e  l a b o r a t o r y  (K r a h m a n n 's  d a ta ) .  T h is  
a g r e e s  c lo se ly  w ith th e  c u rv e  c a lc u la te d  on the  b a s i s  of the  
p e rm a n e n t  m a g n e t iz a t io n
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IO x|D
-3
F ig .  XII - 7. T he  d is t r ib u t io n  of In te n s i t i e s  of m a g n e t iz a t io n  
in five P i l a n s b e r g  d y k e s .  T he  d i r e c t io n s  a r e  g iven  in 
T a b le  1. (G o u g h 's  data)
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1) 14 E d e c l in a t io n
11) +72 in c l in a t io n
3) s u s c e p t ib i l i ty  = 1 .7  x 10 -3 and the  e le m e n ts  of the
g e o m a g n e t ic  f ie ld  in  T r a n s v a a l  a r e : -
1) i) h o r i z o n ta l  in te n s i ty  = 15, 867 g a m m a
ii) v e r t i c a l  in te n s i ty - 30, 02 3 g a m m a
2) d i r e c t io n
i) 16 W d e c l in a t io n
ii) -62 in c l in a t io n
F r o m  th e  above  f a c ts ,  R ^  a s  de fined  in eq . (4) can  be  c a lc u la te d
-3and the  c a lc u la t io n  r e s u l t s  in a  v a lu e  of m a g n e t iz a t io n  of 3. 6 x 10 
and  a d i r e c t io n  g iven  by
D = 10 E a
Ia = + 66
- 3
S u b s ti tu t io n  of D a and  I in to  eq u a tio n  (7) and  the v a lu e  of 3. 6 x 10 
fo r  T X  and, of c o u r s e ,  f (c) i s  ta k e n  to  define  a  dyke w ith a  d im e n s io n  
of the  R o b in so n  D eep  dyke ( f ro m  G ough).
T he  a n o m a ly  g iven  by su ch  a dyke i s  shown in F ig .  (8) . I t  
can be  s ee n  th a t  i t  a g r e e s  w ith  th e  e x p e r im e n ta l ly  found p ro f i l e  o b ta ined  
by K ra h m a n n  (F ig .  (6) ) and  the  c o n to u r  m ap  o b ta in ed  by G e l le t ic h  
F ig .  (5) ). It a g r e e s  in b o th  r e s p e c t s  of sh ap e  and  h e ig h t ,
12. 11, It can  b e  a p p r e c ia t e d  th a t  m a p s  of th e  m a g n e t ic  in te n s i ty ,
when o b ta ined  f r o m  o v e r  r o c k s  w hich  a r e  s t ro n g ly  and  p e r m a n e n t ly
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F ig .  XII - 8. T he  p ro f i le  of the  v e r t i c a l  com ponen t of th e  
m a g n e t ic  in te n s i ty  c o m p u ted  fo r  a P i l a n s b e r g  dyke (R o b in so n  
Dyke) on the  b a s i s  of ind u ced  and  p e r m a n e n t  m a g n e t iz a t io n .
It is  i l lu m in a t in g  to c o m p a r e  the  p ro f i le  w ith  an  e x p e r im e n ta l ly  
found p ro f i le .
>!*■]
m a g n e t iz e d ,  can  be  in t e r p r e t e d  in e x a c t ly  the  s a m e  m a n n e r  a s  when &  f 6 
th e  m a g n e t ic  a n o m a l ie s  a r e  o b ta in ed  by induction , p ro v id e d  the  
p a la e o m a g n e t ic  d i r e c t io n  and in te n s i ty  of m a g n e t iz a t io n  is  known.
By th e  s im p le  p r o c e d u r e  of com pound ing  th e  induced  and  p e rm a n e n t  
m a g n e t iz a t io n  the  v a lu e  of ")C and the  v a lu e s  of 3r\(J 1
a r e  o b ta in ed . A n o th e r  way of th ink ing  of the  a n o m a ly  is  to c o n s id e r  
th a t  the  m a g n e t ic  in te n s i ty  m ap  is  the  s a m e  a s  th a t  w hich  would be 
o b ta in ed  if  the  s a m e  r o c k  m a s s  a f t e r  d e m a g n e t iz a t io n ,  w e re  p laced  
w ith a s t r i k e  D , in a n o th e r  p a r t  of the  w o r ld  w h e re  the  in c l in a t io n  of 
the  m a g n e t ic  f ie ld  is  I ; i. e. the  p a la e o m a g n e t ic  m a g n e t fz a t io n  of the  
r o c k  te n d s  to p r e s e r v e  the  p a la e o m a g n e t ic  f ie ld  in te n s i ty  th a t  e x is te d
of igneous  ro c k ,  show s l i t t l e  r e l a t io n  to the  known geo logy  it m a y  w ell be 
tha t  the  a s s u m p t io n  th a t  the  p e rm a n e n t  m a g n e t iz a t io n  i s  z e r o  is  n o t  t r u e .
o v e r  the  a r e a ,  w hen the  r o c k  w as  fo r m e d .
T he d i r e c t io n  of s ta b le  m a g n e t iz a t io n  of A u s t r a l i a n  r o c k  w ith  r e s p e c t  to 
g eo lo g ica l  t im e  can  be o b ta ined  f r o m  a p a p e r  by I rv in g  and G re e n  ( 1958).
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Summary
T he average geomagnetic pole position consistent with the magnetization of 
the Newer Volcanics of Victoria, which are for the most part of Pleistocene age, 
coincides w ith the present geographic pole just as do all pole determinations 
from Miocene and later rock formations from  the N orthern Hemisphere. 
D uring this time it appears that the E arth’s magnetic field has approximated, 
on average, to that of a geocentric axial dipole and that the land masses con­
cerned have m aintained their present positions. In  contrast, the pole deter­
mined from  Lower Tertiary  Volcanics of Victoria does not agree w ith the 
geographic pole nor w ith equivalent determinations from the N orthern 
Hemisphere, suggesting that the relative positions of the continents may have 
been different in the past.
i. Introduction.—Some crude observations of the directions of natural 
remanent magnetization of Kainozoic basalts from several parts of Australia have 
been reported previously, and it is interesting that in some cases these are in the 
•opposite sense to the present geomagnetic field. This was noticed by Mercanton 
(1) in three specimens from Queensland, by Rodgers (2) in four specimens from 
NewEngland(New South Wales), and by Almond, Clegg and Jaeger (3) in one bore- 
core specimen from Tasmania. Local anomalies in the geomagnetic field shown 
by field variometer surveys carried out by Rayner (4, 5) over basalts in Central 
New South Wales and New England indicate that in some of these the direction 
of permanent magnetization is also reversely polarized. Although these basalts 
in Queensland, New South Wales and Tasmania are known to be Kainozoic, their 
position within this period is in dispute.
In Victoria the basalts form part of the standard Kainozoic sequence of Australia 
and it is possible to separate the flow's into twro groups whose geological ages for 
these purposes are satisfactorily defined. Because of this, our observations have 
been concentrated in these two groups, and they represent the first systematic 
survey of palaeomagnetic directions in rock formations of Kainozoic age in the 
Southern Hemisphere.
In the Northern Hemisphere, where a great deal of attention has been paid to 
the palaeomagnetism of rock formations of this age, specimens from Miocene and 
younger formations show reversed or normal polarizations with roughly equal 
frequency, and the directions of magnetization, regardless of sign, oscillate 
around the direction of the present geocentric axial dipole field; in contrast, the 
directions of magnetization observed in Lower Tertiary formations in the Northern 
Hemisphere, although exhibiting both polarities, do not concur with the axial 
dipole field. The Kainozoic basalts of Victoria show precisely the same 
characteristics.
It is convenient to interpret palaeomagnetic results in terms of pole positions. 
Assuming that the Earth’s magnetic field when averaged out over several thousands 
■of years approximates to a geocentric axial dipole, the direction of the central
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dipole in whose field the rocks became magnetized may be calculated; this, 
assumption may be referred to as the dipole hypothesis. The poles referred to 
here are the points where the axis of this central dipole intersect the Earth’s surface.
The pole positions (Fig. n )  consistent with the direction of the Newer 
Volcanics (mostly of Pleistocene age) are coincident within the errors with the 
present geographic poles, and it appears that so far as this region is concerned the 
Earth, during the past io6 years, has on average behaved as if it were uniformly 
magnetized with its axis of magnetization coincident with the axis of spin. Equi­
valent determinations from the Northern Hemisphere also concur with the geo­
graphic poles, and it appears that the geomagnetic field has held this uniform 
character for the past 20 x io6 years. It is unlikely that important land-movements 
between the Northern continents and Australia have occurred during the past 
io® years.
The poles consistent with the magnetization of the Older Volcanics (Lower 
1 ertiary) do not agree with the geographic poles nor with equivalent determinations 
from the Northern Hemisphere (Fig. 12). This disagreement could have arisen 
through relative movements between Australia and these continents prior to the 
Pleistocene.
2. Geology.—The Kainozoic volcanics are divided into two main groups, the 
Newer and Older Volcanics (Singleton (6)). Both groups are olivine basalts 
with acid differentiates and are distinguished from one another by important 
petrological differences (Edwards (7, 8)). Edwards has recognized two iron 
minerals, ilmenite and magnetite.
The Newer \olcanics have a more or less continuous outcrop to the west 
of the meridian of Melbourne. They overlie the marine Tertiaries of the region 
and cannot be older than Pliocene. In fact, it is certain that the bulk of the lavas 
belong to the Pleistocene, but it is possible that some of the earlier flows could be 
Pliocene. The youngest flows are geologically recent. The Newer Volcanics. 
have in places been faulted, but tilting of the lava field has been negligible.
The Older Volcanics, sometimes called the Narracan Volcanics, outcrop 
mainly to the east of Melbourne and are interbedded with non-marine sediments 
which form part of the Tertiary sequence in Victoria. In the area sampled they 
are believed to represent a single stratigraphic entity which is certainly Lower 
Tertiary in age and probably Eocene. This Lower Tertiary sequence has been 
deformed by Late Tertiary movements, but these have not been extensive and 
steeply dipping beds are restricted to the neighbourhood of faults and monoclinal 
fields. There is no metamorphism. The present discontinuous outcrops have 
resulted from erosion subsequent to this deformation.
3. Experimental method
3.1. Measurement.—Hand specimens have been orientated by standard 
geological techniques. Cylinders have been machined from these with non­
magnetic tools, orientation being preserved during the process. The 
directions of magnetization and initial susceptibility have been measured on 
the magnetometer described previously (9). Inclusive of orientation and 
measurement errors, each direction determination is, at jP = 0-95, within io° of 
the true direction, that is, the probable error is 50 (10). Individual determina­
tions of intensity and susceptibility are accurate to 5 per cent.
3.2. Sampling procedure.—The basalts have suffered surface weathering in 
recent times. Since this alters the magnetic properties, only fresh material from,
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sea-cliffs and quarries at least 20 feet below the surface has been obtained. Thirty 
rock slides have been examined to test for incipient weathering of the iron-minerals 
which may not be detectable in hand specimens. In all cases the outlines of the 
iron-minerals are clean and sharp, and there is no indication of alteration.
M ILES
O  IO 2 0  3 0  4 0  5 0
29 28
F ig . i .—Sampling sites in the Victorian basalts.
T h e  N ew er and O lder Volcanics are d istinguished by  broad  and narrow  shading respectively. 
Fu ll dots indicate sites w ith  reversed m agnetization, norm al sites are shown by open circles, and 
sites w ith m ixed polarity by  circles w ith a cross. T h e  n um bering  corresponds to the num bering  
in Figs. 2, 3 and 6.
The method used here of conducting a palaeomagnetic survey of volcanic 
formations with optimum sample economy has been described previously (10). 
For the general survey, samples have been taken from as many sites as possible 
spread over the outcrop, with two or three samples of each to minimize experi­
mental error. In this way inhomogeneities due to the secular change of the geo­
magnetic field and geological tilting are averaged out, and a wider regional picture 
is obtained than would otherwise be the case if the same number of samples were 
distributed among fewer sites. Errors due to geological tilting have been reduced 
to a minimum by using only those sites at which the beds are known to be flat-lying 
or dipping by no more than 50. The effect of this will, in any case, be lost when 
results from many localities are averaged, and the present horizontal will be a close 
approximation to the horizontal at the time of deposition.
In the Newer Volcanics two samples have been taken at each of thirty sites, and 
two sites have been sampled in detail. The coverage is approximately 10,000 
square miles. In the Older Volcanics only fifteen suitable sites were available, 
and because of this three samples were taken at each. The area covered is about 
5,000 square miles.
4. The natural permanent magnetization
4.1. The directions of magnetization.—Allowing for experimental error, there is 
always close agreement between samples from the same site. The degree of 
uniformity at two sites sampled in detail is illustrated in Fig. 2. At all except 
Eve localities the polarities also agree. Contiguous specimens with opposed
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Fig. 2.— The within-site variation in directions of magnetization at two sites in the Newer Volcamcs.
Here and in Figs. 3, 4 and 5 an equal-area Schmidt net is used, the plane of the projection is 
the present horizontal, the full dots are north-seeking directions plotted on the lower hemisphere 
(reversed), and the open circles are north-seeking directions in the upper hemisphere (normal). 
Geographic North is marked. Footscray Quarry (NV 10), JV =23, D = o ° '3 , / - - 6 i ^ - 8 ,  
* = 9o-i, a (P = o -0 5 ) =  3°-2. Darebin Quarry (NV 15), JV=34. D =  i49°-6> / =  + 34  V, 
k, =  88-0 , a ( P = o-o5) =  2°-7. k 1 and a are Fisher’s precision parameter and circle of con­
fidence (12).
Fig. 3_.—The mean directions at thirty-two sites in the Newer Volcanics.
Conventions as in Fig. 2, except that sites with mixed polarity, 8, 20, 19, are plotted w ith­
out respect to sign on the upper hemisphere.
Fig. 4.— The mean direction of the Normal (N) and Reversed (R) sites in the Newer
Volcanics.
T he circles are the error circles at P = 0*05. Both directions are in the upper hemisphere, 
north-seeking in the case of mean of the normal sites, and south-seeking for the reversed site 
mean direction.
Fig. 5.—Mean directions of the Newer (NV) and Older (OV) Volcanics.
These mean directions have been calculated regardless of sign. D is the dipole field, 
and P  is the direction of the present field in Victoria. The circles of error are at P = 0 05.
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F ig. 6 .— Mean directions in fifteen sites in the Older Volcanics.
The conventions are as in Fig. 3, except that all directions are now plotted on the upper 
hemisphere. 9 and 12 are mixed localities.
polarity have been noted previously in these basalts by Rayner (private com­
munication) and in the basalts of Cape Kawajiri in Japan by Asami (11).
The mean directions at thirty-two sites in the Newer Volcanics are plotted in 
Fig. 3. Thirteen sites have the polarity of the present field (north-seeking 
polarization upwards) and sixteen are of opposite polarity, the two groups being 
exactly 1800 apart (Fig. 4). Three sites have mixed polarity. It is impracticable 
to arrange the sites in chronological order and any association of reversed directions 
with particular periods of time cannot be detected. The overall mean direction, 
regardless of sign, is parallel to the geocentric axial dipole field (Table I, Fig. 5).
T able I
The directions o f magnetization in the Victorian Basalts
Rock G roups N D I k2 oc ß f
s j
Is
Reversed 16 i7 7 ° ’i T 6 o ° - o 443’2 6 7 3 1 2 5  * r
N orm al 13 8 ° -2 -5 9 ° - 6 3 0 2 - 1 8 -o 35 23-7
0
> T o ta l 3 2 3°'4 - 5 9 ° - 8 833-3 4-8 37 2 3  0
O lder Volcanics 15 i 7 °-o - 7 2 ° - 9 430-5 6 - 8 35 2 3 -1
(N is the nu m b er o f sam pling sites, D  and  I are the declination  and  inclination , /c2 is 
the overall precision (10), a  is the F isher e rro r circle (12) a t P = 0-05 calculated from  a 
m odified form ula (10), ß is the betw een-site d ispersion, if> is the sem i-angle o f th e  cone 
around  the m ean  direction  containing 95 per cen t o f the m ean  site directions.)
The mean site directions in the Older Volcanics are given in Fig. 6. Nine 
sites have negative inclination, four are positive, and two sites have mixed polarity. 
The data is insufficient to test the exactness of these reversals. The average
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Applied field
F ig . 7 .— The initial susceptibility.
T h e  susceptibility is defined as th e  ratio o f the  intensity o f m agnetization induced by an 
external field to the  strength  of th a t field. T h e  values obtained do no t vary appreciably in fields 
o f betw een 0 49 and 121 oersted.
Volume intensity x I0~3G
F ig . 8.— Histograms o f the variation o f the intensity o f magnetization.
(a) the  N ew er Volcanics, norm ally m agnetized specim ens in black, reversed ones left 
b lank; (b) the  O lder Volcanics; (c) all basalt specim ens, including some from  Q ueensland 
and N ew  South Wales.
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direction of the whole group, regardless of sign, is given in Table I and Fig. 5 ; the 
inclination is steeper than in the Newer Volcanics and the declination is easterly.
In addition to the reversals in the Victoria basalts and those previously des­
cribed from Queensland (1), Northern and Central New South Wales (2, 4, 5) and 
Tasmania (3), the authors have also observed reversals in the basalts of Toowoomba 
(Queensland) and Berrima (New South Wales). Clearly reversed magnetizations 
are a characteristic feature of the Kainozoic basalts of Australia.
1 2 3 4 5 6 7 8
Volume intensity x  ICMG
F ig . 9.— Histograms o f the variations o f susceptibility.
(a) the  N ew er Volcanics, norm ally m agnetized specim ens in  black, reversed ones left 
blank; (6) the  O lder V olcanics; (c) all basalt specim ens, including some from  Q ueensland 
and N ew  South  W ales.
4.2. The intensity of magnetization and initial susceptibility.—In D.C. fields of 
up to i -21 oersted the induced moment in basalt specimens is proportional to the 
applied field (Fig. 7). This initial susceptibility has been measured in all specimens 
and the values are indicative of the amount of magnetic material present.
The distributions of intensity of magnetization and susceptibility in specimens 
from a rock formation are of an irregular type, and at present qualitative comparison 
only are possible. The intensity and susceptibility of the Newer Volcanics on
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average appear to be lower than in the Older group and the ratio of these is compar­
able (Figs. 8, 9, io). In the Newer Volcanics the susceptibility is somewhat 
greater in reversed than in normal specimens, whereas the intensities are similar, 
so that in normal samples the ratio I jK  is somewhat higher.
4.3. Stability.—The following points provide evidence that the present 
directions of magnetization are the directions of the original thermo-remanent 
magnetization.
Volume intensity4-Volume susceptibility
F ig . io .—Histograms of the variation of the ratio of the intensity of magnetization to the
susceptibility.
(a) the Newer Volcanics, normally magnetized specimens in black, reversed ones left blank; 
(1b) the Older Volcanics; (c) all basalt specimens, including some from Queensland and New 
South Wales.
(a) Separate specimens from the same site and different sites in the same area 
give approximately parallel directions, and re-measurement after storage for a 
year at an angle to the Earth’s field gives repeatable results.
(b) The mean direction of both groups which are plotted in Fig. 5 differs 
significantly from the present field, suggesting the directions have been stable over 
periods of the order of tens of years.
(c) The occurrence of reversals in specimens which are 1 o8- io 6 years old in the 
case of the Newer Volcanics, and more than 20 x io6 years old in the Older 
Volcanics, indicates stability over these periods of time.
(1d) As more data on the ratio of intensity to susceptibility accumulates, it is 
becoming increasingly apparent that where the initial directions of magnetization 
have been shown by various stability tests to have remained unchanged over long 
periods of geological time, I jK  has the value of 1 or more. In rocks which have 
lost their initial direction of magnetization, this ratio rarely exceeds a few tenths 
and is usually very much less, which is presumably a result of the progressive 
replacement of the initial magnetization by a much weaker secondary isothermal
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magnetization. This is illustrated in Table II. The values in the Victorian 
basalts fall usually between 1-5 and 10 and are similar to those in other rocks with 
stable directions of magnetization, indicating that a high proportion of the initial 
magnetization has been retained.
T able II
The ratio o f intensity to susceptibility in magnetically stable and unstable rocks
Rock types
No. of 
deter­
minations
I I K
T ertiary basalt from  Iceland (13) 13 3 -o
Pre-Cambrian banded very fine grained sandstone from the 
Torridonian Sandstone Series of Scotland (1 4 ) 9 0-8-3 ‘°
St
ab
le Carboniferous red varvoid sediments from the K uttung 
Series of New South Wales* 5 1-4
Carboniferous toscanite lava from the K uttung Series of 
New South Wales* S i-S
Mesozoic dolerite from Tasm ania (9) 60 2-10
Permian basalt from New South Wales* 17 0-2-0*05
<U
COc
Carboniferous horneblende andesite from the K uttung 
Series of New South Wales* 6 o-1-0-4
D Pre-Cam brian green siltstones from  the Torridonian 
Sandstone Series*
_____ _ ______ _ _____
4 o-i-o-oi
* Irving (unpublished work).
5. Geophysical interpretation.— Four items of geophysical interest arise out of 
these data.
5.1. The dipole field direction in the Newer Volcanics.— In the Newer Volcanics 
the average direction of magnetization is parallel to the present geocentric dipole 
field, and the poles of the axis of the mean geocentric dipole in whose field the 
rocks became magnetized coincide with the present geographic poles (Fig. n ,  
Table III). 1 hree other pole determinations from Miocene and younger forma­
tions from the Northern Hemisphere are also given in Fig. n .  Many more
T able I I I
The pole positions determined from the directions o f magnetization of the Victorian basalts
Sampling Area Pole Location
bm 8p
Latitude Longitude Latitude Longitude
Newer Volcanics 38°-oS I43°-SE 86°-3S ioz°-iE 70-a 5°‘S
Older Volcanics 38°-oS i 45°-5E 66°-8S I2Z°'7E I2°*I io°-8
SP is the error in the direction of colatitude and Sm is the error in the perpendicular
direction, both at P = 0-05.
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equivalent determinations have been given by Hospers (15), and all coincide within 
the errors with the geographic poles. It appears that since the Middle 1 ertiary 
the geomagnetic field, when viewed from four widely scattered places in the 
Earth’s surface, has, on average, been similar to that of a geocentric axial dipole.
o
-9 0 E9 0  W
F ig. i i .— The position o f the mean geomagnetic pole during and since Miocene times.
T h e  poles are num bered  as follows : (1) th e  N ew er Volcanics o f V ictoria ; (2) the  recent lavas 
•of M o u n t E tna  (17, 15); (3) the  reversed specim ens from  th e  M iocene to Pliocene C olum bia 
River lavas (18); (4) the  M iocene lavas o f Iceland (15). In  th is and Fig. 12 the  projection is an 
•equal-area Schm idt net.
o
F ig . 12.— The position o f the mean geomagnetic pole in Lower Tertiary and Cretaceous times.
T h e  poles are num bered  as follows: (5) the  O lder Volcanics o f V ictoria; (6) the  T asm anian  
dolerites (9) (Jurassic o r Cretaceous); (7) th e  Oligocene of France (19); (8) the Eocene of 
N o rth e rn  Ireland (20); (9) the  Cretaceous of the  U n ited  States (21); (10) th e  D eccan T raps, 
C retaceous to Eocene, o f Ind ia  (22); (11) th e  D eccan T rap s (23).
5.2. Reversals of magnetization.—Reversals of magnetization are a characteristic 
feature of the Kainozoic basalts of Australia and are comparable to those found in 
lavas of a similar age from the Northern Hemisphere. Three possible causes for 
these are considered.
(a) Special reversals of the Neel type (16).
\b) Reversals in polarity of the main geomagnetic field.
(c) Reversals resulting from variable stability.
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Suppose that by means of mechanism (a) or (b), all the magnetizations are 
initially reversed. In the former case the field has, since the early Tertiary, had 
its present sense; in the latter it has been reversed until quite recently. Normal 
directions could then arise in those cases where the magnetization is unstable by 
the imposition of a secondary isothermal magnetization by the present field which 
masks the reversed direction. If this were true, the ratio I /K  in normal specimens 
would be much less than for reversed specimens. In fact, the opposite is the case 
(Fig. 10).
Two points lend support to the case for special self-reversals (a): the occurrence 
of either polarity at the same site, and the higher I /K  values for normal specimens. 
Both these features may, however, be qualitatively explained without appeal to 
Neel-type mechanisms.
Inversion of specimens by a mistake in orientation is possible despite the care 
taken to avoid this in the orientation processes. At a site it has always been the 
intention to sample from a single flow only, but several flows, although not 
recognized, may be represented. A specimen from the upper part of a flow may 
have suffered re-heating by over-lying flows whereas one from the central parts may 
be unaffected. The possibility that specimens from the same site cooled down at 
different times between which the field reversed, although probably an uncommon 
occurrence, cannot be dismissed.
Most rocks possess a weak isothermal magnetization directed along the present 
dipole field, although in these basalts it must be small compared to the initial 
thermo-remanence. This reinforces a normal magnetization but opposes a 
reversed one. Another possibility is that the field intensity when the direction is 
normal may be greater than when reversed. Either of these may account for the 
higher I IK values in normal rocks.
In the Western District of Victoria the samples are widely scattered, and normal 
and reversed sites are apparently randomly scattered (Fig. 1). However, around 
Melbourne and Geelong, where sampling has been more intense, areas of common 
polarity can be recognized—-for instance in S.E. Melbourne eight quarries have 
normal magnetization, whereas five quarries in N. W. Melbourne and four quarries 
in the Geelong area are consistently reversed. This uniformity of distribution in 
areas of dense sampling would, if anything, support the hypothesis of field reversals, 
but it is clearly impossible from the present data to decide between alternatives (a) 
and (b). In any case both processes may have been operative.
5.3. The direction of magnetization of the Older Basalts.—The average inclination 
of the Older Volcanics is greater than that in the Newer Volcanics and the declin­
ation is easterly (Table I). The pole positions are in the Davis Straits between 
Greenland and Baffin Island, and in Banzare Land in the Australian sector of 
Antarctica (Table III, Fig. 12). These poles are intermediate in position between 
those for the Newer Volcanics and the Tasmanian dolerites between which they 
are intermediate in time. Equivalent determinations from elsewhere in the world 
are added to Fig. 12. The poles from the European and North American data 
covering a period from Cretaceous to Oligocene fall between 130 and 230 of the 
geographic pole in longitudes between 470 and 970, and do not differ significantly 
from one another. The equivalent poles from India and Australia do not agree 
with one another, are much further from the geographic pole and are in approxi­
mately opposite longitudes; the co-latitudes range between 62° and 230 and longi­
tudes between 102° and i57°E. Three possible explanations for this are put 
forward.
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(a) That inadequate geological dating invalidates these comparisons, and that 
these pole discrepancies are due to the occurrence of geomagnetic polar wandering 
relative to the Earth as a whole between the time of deposition of the rock formations 
here compared. The effect of such polar wandering, if it occurred, should be 
present in the European and North American results; in fact, it is not (Fig. 12) 
(see note added in proof).
(b) That Australia and India have undergone movements with respect to each 
other and to Europe and North America during Cretaceous and Lower Tertiary 
times. This conclusion is contingent on the dipole hypothesis and cannot be 
avoided if this is true. Translation along a line of latitude producing a change in 
longitude does not give a pole discrepancy by the palaeomagnetic method. On this 
view the observed pole differences are therefore the outcome of either translation 
in a meridional direction, or of rotation.
(c) Assuming no relative movement between Europe and North America 
(for the reasons given above, relative change in longitude is not excluded) during 
and since the Cretaceous, the concurrence of Cretaceous and Lower Tertiary poles 
from these continents substantiates the dipole hypothesis for this region at this 
time. Assuming further that during this time there was no relative movement 
between these regions and Australia, it follows that the geomagnetic field, although 
dipolar in Europe and North America, cannot have been so in the antipodes in 
Australia. By the Pleistocene this disorder was lost and the average field became 
that of a geocentric dipole at all these places. From symmetry considerations this 
argument seems unlikely, and as there is already considerable theoretical (24, 25) 
and observational (15, 22) evidence in support of the dipole hypothesis, this point 
of view is regarded as tenuous although it cannot at the moment be excluded.
5.4. Secular variation.—In most cases in volcanic rocks, variation in directions 
between specimens from the same site (to) will be due to experimental error and 
inaccuracies in the initial alignment. Variation between the true mean site 
directions (j8) will in general be due to geological tilting and to secular change of 
the geomagnetic field during the time covered by the samples, in this case 106 years 
for the Newer Volcanics and a comparable period for the Older Volcanics. 
Tilting is negligible in the former, and probably unimportant in the latter, where 
disturbed beds have been avoided, so ß  provides an estimate of the range of secular 
variation. Watson and Irving (10) have given the method of separating w  and ß  
from the data and ß  for both groups is given in Table I. The values for reversed 
and normal sites in the Newer Volcanics are similar and the agreement between 
the Newer and Older Volcanics, when treated as a whole, is extremely good. This 
agreement between analyses of many data from two geologically distinct groups 
gives reason for supposing that ± 23-250 is a realistic estimate of the range of 
secular variation over periods of time of about io6 years in Victoria at the 
times represented.
We wish to offer our grateful thanks to Dr O. P. Singleton of the Department 
of Geology in the University of Melbourne for his very great help with the sampling 
problems and other geological aspects of this work.
Department of Geophysics,
Australian National University,
Canberra, A .C .T .:
1957 M ay 15.
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Notes added in proof
(1) A paper discussing the geological aspects of this work and containing all 
the primary data is to appear shortly in the Proceedings of the Royal Society of 
Victoria.
(2) Recent work by Cox (26) on lavas of Eocene age in the Western United 
States suggests that comparatively rapid polar wandering of the type mentioned 
in Section 5-3 (a) may have occurred in Lower Tertiary times.
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(Reprinted from Nature, Vol. 182, pp. 382-383, Aug. 9, 1958)
Polar Wandering, a Random Walk 
Problem
I t  h as o ften  been  supposed  th a t  due  to  red is tr ib u ­
tions o f  m ass th e  body  o f  th e  E a r th  as a  w hole has 
sh ifted  re la tiv e  to  its  ro ta tio n a l ax is, w hich has 
rem ained  fixed re la tiv e  to  th e  Sun. I t  is convenien t 
to  th in k  o f th is  as m ovem en t o f th e  pole over th e  
surface  o f a  fixed E a r th . Since th e  P ro terozo ic  th e  
pole ap p ears  to  h ave  been  d isp laced  b y  as m uch  as 
90° o f a rc  to  its  p resen t position . O rogenic or epeiro- 
genic m ovem ents a n d  ice-cap m elting  or fo rm ation  
w ith  th e  a tte n d a n t fluc tua tions in  sea-level are  
usua lly  c ited  as possible causes o f p o la r w andering. 
D arw in1 an d  K elv in2 first d iscussed th e  dynam ic  
s ta b il ity  o f th e  E a r th . G old3 a n d  M unk4 h av e  
recen tly  re-exam ined  th e  p rob lem  a n d  h av e  concluded 
th a t  such large d isp lacem ents o f  th e  pole could he  a 
consequence o f  such  geological ac tiv ities .
T he position  o f th e  po le  m ay  be  o b ta ined  from  
th e  average  d irec tion  o f rem an en t m agnetiza tion  of 
rock  fo rm ations w hen  th e  h y p o th es is5 is m ade th a t  
th e  E a r th ’s m agnetic  field, w hen  averaged  over a  few 
th o u san d  years, has ap p ro x im a ted  to  a  geocentric 
ax ia l dipole. I t  has been cu sto m ary  to  connect these 
pole positions8 b y  cu rves passing  from  th e  Pacific 
O cean  along th e  east coast o f  A sia to  th e  position  
o f  th e  p resen t pole. B u t since th e  geological ev en ts  
w hich m ay  h av e  been  responsible fo r po lar w andering 
h av e  been  irregu la r, b o th  in  th e ir  ty p e  a n d  in  th e ir  
d is tr ib u tio n  an d  tim ing , th e y  a re  likely  to  h av e  p ro ­
duced  ran d o m  p o la r m ovem ents. I n  th is  com m unica­
tio n  an  a tte m p t is m ade to  fit th e  palseom agnetic 
d a ta  to  a  ran d o m  w alk o f th e  pole over th e  E a r th ’s 
surface.
I f  th e  sam pling a rea  h as undergone co n tin en ta l 
d rif t, th e  po lar w andering  ra te  w ould  h av e  th e  
d rif t ve locity  superim posed  up o n  it, an d  b o th  w ould 
be  p resen t in  th e  palasom agnetic d a ta . I n  th is  w ork 
th e  pole p a th s  re la tiv e  to  E u ro p e  a n d  N o rth  A m erica 
h ave  been  u sed  because th e ir  s im ila rity  in  shape an d  
d irec tion  suggests th a t  n e ith e r co n tin en t has been  
disp laced  in  la t itu d e  re la tiv e  to  th e  o th e r to  any  
g re a t e x ten t, b u t it  h as  to  be bo rne  in  m ind  th a t  
e rro rs m ay  arise  from  th is  source. T he sim plest case 
o f a  random  w alk  is th a t  o n  a  p lane, a n d  p rov ided  
th e  ind iv idual d isp lacem ents a re  sm all an d  th e  to ta l 
d isp lacem en t does n o t g rea tly  exceed 90° o f arc  it  
is n o t essen tia lly  different from  a  ran d o m  w alk on  a 
sphere.
T he p ro b ab ility  density  w(y)  th a t  th e  pole will h ave
an  an g u la r d isp lacem en t t]i from  th e  presen t pole a t  a 
tim e  t is g iven b y  :
= tSr*exp ( -  c& )  (1)
w here C 2 is th e  m ean  square  o f th e  ind iv idua l steps 
in  th e  w alk a n d  k  is th e  num ber o f step s p e r u n it 
tim e. T he m ean  va lue  o f th e  an g u la r d isp lacem en t 
a t  tim e  t is g iven  b y  :
00
I  w(<J0 cfy (2)
o
a
=  \  7T1 ' 2 C ( f c < ) U a  ( 4 )
a n d  th e  m ean  value  of th e  square  of th e  d isp lacem en t 
is C 1 let. T hus 6 is expec ted  to  v a ry  linearly  w ith  
(kt)1'2 an d  po in ts, th e  co-ord inates o f w hich are  (tji, f1' 2), 
w ill be sca tte re d  along th e  line t]t =  0 (k t )112. 
lim its for 41 a t  a  p ro b ab ility  o f 0-95 a re  :
<k =  suC(kty*
<\ie =  seC(kt)112
w here th e  fac to rs zu an d  se a re  g iven b y  :
0-025 =  exp  ( — eu2)
and
0-975 =  exp ( — e<.2)
respective ly . T hus 4* lies betw een  th e  lim its 1 -92 
C (kt) ' i2 an d  0-16 C(to)1'2 a t  P  =  0-95.
I n  F ig . 1 th e  d isp lacem en ts are  p lo tte d  ag a in s t 
th e  square  ro o t o f tim e, th e  re su lts  from  W este rn  
E u rope  an d  N o rth  A m erica being in d ica ted  b y  full 
a n d  open  circles, respectively . T he s tra ig h t line 
th ro u g h  th e  orig in  w hich b es t fits these  d a ta  b y  least- 
squares is g iven  by
if =  3 -0 t112 (6)
w here if is in  degrees o f arc  a n d  t is in m illions o f years . 
T he ex p ec ted  va lu e  o f 3° o f arc for th e  m agn itude  
o f th e  d isp lacem en t o f th e  pole in  one m illion years 
is a  useful q u a n ti ta t iv e  va lue  for o th e r w orkers 
in te res ted  in  th e  m echanism  o f po lar w ander.
I t  is em phasized  th a t  since th e  m ovem en t o f  th e  
pole m ay  be  considered to  be  a  ran d o m  w alk , th e re  
w ill be, on one h an d , periods du ring  w hich th e re  is 
effectively v e ry  little  d isp lacem ent o f th e  pole (for 
exam ple, th e  Q uate rnary ) and , on th e  o th e r h an d ,
T he
(5a)
(56)
\/Time (millions of years)
Fig. 1. The angular displacement of the pole from its present-day position is plotted 
against the square root of time in millions of years. The pole positions used are numbered 
as follows : 1, Miocene lava, France ; 2 , Oligocene intrusives, France ; 3, Eocene lavas, 
Northern Ireland ; 4, Triassic marls,England ; 5, Permian traps, Exeter ; 0, Carboniferous 
millstones, Derbyshire; 7, Carboniferous toadstones, Derbyshire; 8, Devonian sand­
stones, Wales; 9, Cambrian sandstones, Wales ; 10, Upper Tertiary lavas, Washington ; 
11, Cretaceous sandstones, Colorado plateau; 12, Triassic sandstones, Springdale; 
13, Triassic lavas, Holyoke; 14, Triassic lavas, sediments, Connecticut; 15, Triassic 
sequence, New Jersey ; 16-18, Permian Supai beds, Arizona ; 19, Carboniferous sand­
stones, Arizona ; 20, Carboniferous concretion, Texas; 21, Silurian sediments, Maryland. 
The vertical lines through the pole positions represent the error (at P = 0 -05) in determin­
ing the latitude. The European and North American results are indicated by full and 
open circles respectively
periods d u ring  w hich ra p id  d isp lacem en t o f th e  pole 
is in  evidence (for exam ple, C arboniferous7).
T his w ork w as carried  o u t w hile I  w as a  research  
s tu d e n t in  th e  D ep artm en t o f G eophysics o f th e  
A u stra lian  N a tio n a l U n iv ers ity  a t  C anberra , A .C.T. 
I  w ish to  th a n k  m y  supervisors, P ro f. J .  C. Jaeg e r 
a n d  Mr. E . Irv in g , fo r th e ir  critic ism  a n d  helpful 
discussion.
R . G r e e n
203 Collins S tree t,
M elbourne. M ay 28.
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A Review of the Advantages and Possible 
Limitations of Aeromagnetic Surveying.
By R. Green, Geophysics Department, Australian National University, Canberra, A.C.T.
AS the mining industry in Queensland continues 
A  to expand to meet the ever-growing demand 
for its mineral products, the need for new ore 
reserves become forever more necessary. While the 
need for greater ore reserves is urgent, each 
successive discovery becomes more difficult to locate by 
old-time prospecting methods which rely largely on 
surface exposures. However, in recent years great 
improvement has been made with the development 
of modern aids in exploration and also in funda­
mental research into the physical properties of rocks.
Appreciation of modern methods is shown in the 
summary report on the “ Iron Ore Resources of 
Queensland” , by J. H. Brooks (1956, Qld. Govt. 
Min. Journ. 62, 837) who comments, “ Due to the 
fact that iron ores are normally conspicuous in out­
crop, it is unlikely that further conventional 
geological exploration would be successful in dis­
covering new deposits of significance. Geophysical 
exploration using an airborne magnetometer has been 
successful in some eases in locating concealed bodies 
of iron stone in other parts of Australia and the 
world . . .  It is possible that magnetometer work, 
directed to a selected favourable area, could lead to 
the discovery of non-outcropping bodies of iron ore. ’ ’
Also, the Qld. Govt. Min. Journ. 62, 236, (1956) 
carried an article on the “ Geology of Uranium and 
Prospecting Methods” which described specialised 
applications of geophysical, botanical and geochemical 
methods.
One of the most successful of the new methods 
is the aeromagnetic and since, in the mineral pros­
pecting industry, nothing so stimulates interest in 
prospecting as success, it can be confidently assumed 
that as the airborne magnetometer is more widely 
used in Queensland, more spectacular finds will be 
announced, and in turn the exploration programmes 
will be still more energetically pushed ahead, 
resulting in still greater finds. In view of the interest 
in prospecting, a critical discussion of the advantages 
and limitations of the airborne method is both timely 
and warranted.
The idea of airborne magnetic prospecting is not 
new, but it was not until the development of the 
flux-gate for magnetic prospecting and an effective 
continuously operating self-orientating device for the 
flux-gate that the method became practicable. The 
flux-gate is orientated in the direction of the total 
magnetic field, and so the airborne magnetometer
does not measure the total force of the anomaly but, 
in actual practice, the resolved component of the 
anomaly in the direction of the total field. I t  would 
be as well to consider the relative orders of magni­
tude for anomalies and the earth’s field. Most 
anomalies will be some few hundreds of gammas, 
whereas the earth’s field can be taken as fifty 
thousand gammas. When such orders of magnitude 
are considered, there is in effect no difference in 
magnitude between the resolved component and the 
total anomaly. For this reason, reference is often 
made in the literature to the “ total component” 
instead of the resolved component of the anomaly in 
the direction of the earth’s field.
There are a number of undoubted advantages 
which the airborne magnetometer can offer compared 
with ground-borne methods of prospecting:—
1. Speed.—An airborne magnetometer can cover 
the ground at a rate of four or five hundred miles 
per day, so that it is nearly a hundred times faster 
than a ground survey party. This is a particular 
advantage when the active survey field season is 
restricted to the cooler winter months.
2. Low cost per mile.—Although the cost per 
day for an airborne magnetometer party is high, 
when the mileage covered in a day is taken into con­
sideration the cost per mile is only a fraction of 
the cost of a ground party. I t is glaringly apparent 
that lost days through unfortunate contingencies 
such as bad weather, or even instrument failure, 
must be kept to a minimum or the attractive cost 
per traverse mile rate will be quickly lost. Con­
sideration of the weather to be expected should be 
taken into account in the planning of a survey.
3. Continuous profile.—The exact value, above 
an arbitrary datum, of the earth’s field at each point 
all the way along the whole profile is obtained. This 
is in contrast to the separate point determinations at 
reading stations obtained by a ground magnetometer 
or the continuous average over the time constant of 
the counter of the gamma radiation flux obtained by 
the scintillation counter.
4. Coverage of the whole authority to prospect.—  
Ground parties are often restricted in their opera­
tions by topographical features such as very rough 
country, mangrove swamps, &c., whereas no such 
limitations apply to the airborne party and con­
sequently entire coverage of the lease can be carried 
out.
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5. No effect of man-made steel structures.—The 
calculated profiles of the mangetic anomalies given by 
a magnetically susceptible body involve the ratio of 
the size of the body to the height of the aircraft, 
and consequently, extraneous matter such as water- 
pipes, fences, wool sheds, and the thin lateritic cover 
to be found in places, will not distort the profile. 
A ground party is hampered by these types of 
structure (Weir, 1950).
6. Application of the airborne mangetometer to 
a, wide range of problems.—The airborne magneto­
meter can be used to prospect for localised mineral 
deposits or deep leads under buried basalts at one 
end of the scale up to the delineation of a sedimentary 
basin in connection with the search for oil at the 
other. In addition, the aircraft may be used to 
obtain from various heights aerial photographs of 
the ground. Recently, colour photography has come 
in for greater application, since in drier regions key 
beds often oxidize to a distinctive colour.
7. Recent improvement in the analytical 
methods of reduction of the results and pertinent 
research in the magnetic properties of rocks.— 
Ground magnetometer parties had always measured 
the vertical or horizontal component of the magnetic 
intensity whereas the airborne magnetometer 
measures the “ total field” (see p. 3) and until 
recently it lias not been possible, because of the 
dearth of theoretically calculated profiles of the total 
force, to interpret a total intensity map with the 
speed, ease or certainty of the vertical component 
map. A method was given by Hughes and Pondrom 
(1947) whereby the horizontal and vertical com­
ponents over an area could be calculated from the 
total field measurements, but is was not entirely 
satisfactory. The computed profiles for the total 
anomalies are largely the work of Zeitz and 
Henderson (1956).
In the course of palaeomagnetic work at 
Canberra, the permanent magnetisation and 
susceptibility of many rocks have been deter­
mined, and an average value for the variation 
in both, as well as the direction of permanent 
magnetisation, have been determined on some strati­
graphic formations. These determinations are avail­
able on request, and where additional determinations 
from field specimens are required, the procedure to 
be adopted for palaeomagnetic sampling will be 
gladly given. An adequate knowledge of these two 
unpredictable variables greatly improves the 
interpretations placed on contour maps obtained by 
the airborne magnetometer. This information about 
the magnetic properties of rocks is a boon to all 
forms of magnetic prospecting and is not at all 
restricted to airborne prospecting.
So far the inherent advantages of the airborne 
magnetometer have been discussed, but to obtain
maximum benefit from a survey, a number of distinct 
but nevertheless well co-ordinated stages must be 
gone through:
(1) Planning;
(2) Plying;
(3) Reduction of data;
(4) Preparation of the contour m ap;
(5) Interpretation.
(1) P lanning.
The planning stage consists of assembling all the 
geological information abailable about the area.- 
Particularly valuable is the regional trend in the 
outcrops and the possible association of the magnetic 
minerals, e.g. magnetite, hematite, pyrrhotite with the 
ore minerals, the distribution of igneous rocks and, 
as has been recently shown to be important, the 
possible occurrence of thermally metamorphosed 
sediments.
Anomalies show up better if the fiight lines are 
roughly at right-angles to the grain of the country 
because under such a flight pattern the anomalies 
will suffer far less from smoothing out in the 
reduction and contouring of the results.
The spacing of fiight lines has also to receive 
careful consideration. It is clear that if the lines are 
too far apart, then it is possible to fly over an area 
yet completely miss a sharp small anomaly caused 
by a highly magnetic body near the surface. On the 
other hand, if the magnetometer is being used in 
oil exploration to give an overall geological picture 
of the basement rock over which is laid sediments 
that are considered, on structural grounds to provide 
possible reservoir beds for the oil, then it would be 
advisable to space the flight lines at a distance of two 
to four miles. The reason for a separation of this 
order is that the sediments may be 8,000 ft. to 
12,000 ft. thick and the aircraft another 1,000 ft. 
above the terrain, so the separation between the air­
craft and the irregularities in the basement which 
give rise to the anomalies is 9,000 ft. to 13,000 ft., 
and as a general rule there is nothing to be gained 
by flying lines any closer than the height of the 
aircraft above the source of the anomaly. Con­
sequently, any closer spacing of flight lines will 
directly increase the cost of the survey with very 
little improvement in the information obtained.
(2) F lying.
It is appropriate to mention that the profile 
recorded by an airborne magnetometer on a straight 
flight is a measure of the “ total magnetic” intensity 
above an aribtrary zero, but this arbitrary zero is 
affected by the direction in which the aircraft flies 
(heading error), and furthermore, changes take place 
in the intensity of the earth’s field while the plane is 
in fiight. Thus, the daily variation limits the length 
of the flight line to lengths during which the 
variation in the earth’s field may be considered as 
linear with time and so amenable to analysis for
A pril 20, 1958.] QUEENSLAND GOVERNMENT MINING JOURNAL 237
its removal. Using a D.C.3, this distance is 70 miles. 
Days on which magnetic storms occur should be 
avoided.
Tlie change in the arbitrary zero. As was 
mentioned previously, the arbitrary zero of a mag­
netometer profile changes with heading, and while 
efforts are made to minimise the effect, it cannot be 
entirely eliminated. However, the difficulty of the 
heading error is avoided by flying one control line 
at right-angles to the flight lines so as to cross every 
flight line #close to one end of each of them and a 
second control line that crosses every flight line close 
to the other end of each flight line. Since at each 
cross-over point between the flight line and control 
line the value of the magnetic intensity must be 
identical, the arbitrary zero of each flight line is 
adjusted to give the best fit.
(•1 and 4) Reduction op Data and the Contour Map.
A slight amount of uncertainty always exists as 
to where on the control line profile each flight line 
was crossed, and unless the control line is flown over 
country that is practically devoid of all anomalies, 
the uncertainty in the cross-over point can introduce 
an error as to the amount of adjustment to be given 
to the flight line for best fit.
In short, the requirement is that the control line 
must always be over “ magnetically flat country.”
The standard deviation of the misclosures when 
the flight lines have been adjusted to give the best 
fit is used to calculate the contour interval. An 
uncertainty in the absolute value of any point on a 
flight line exists because of the misclosure, and in 
order to reduce the uncertainty in the position of any 
contour line drawn on the map prepared from the 
flight profiles to an extremely low value, a contour 
interval of four times the standard deviation has to 
be used. To use a contour interval less than this is 
false and the contour map will be false.
(5) I nterpretation.
Badly placed control lines coupled with flight 
lines of excessive length can result in the contour 
map showing two undesirable effects—
(1) Excessively wide contour interval, or if a 
smaller contour interval is falsely used, 
the result is large random errors in the 
position of the contours on the map ■
(2) Regional tilt to the whole map.
The result of an excessively large contour is that 
all sharp anomalies will be missed out or seriously 
modified. Geologically, this means that indications 
of thick dykes or enrichment in the limbs of a tight 
fold would be missing. If a smaller contour interval 
is falsely used, none of the “ lost dykes” appear on 
the map, but a number of phantom ones do. Nothing 
is more frustrating or annoying to a geologist who is 
doing the follow-up work on the ground than the 
unrewarding hunt and examination of phantom 
anomalies. A small contour interval that is false 
shows itself up on a contour map by suggesting minor 
features running in the direction of the flight lines
It will be remembered that the direction of the 
it lines was planned so as to be at right-angles to 
the strike of the main geological trend lines.
The effect of a regional tilt to the whole map 
will move the position of the maximum of all the 
anomahes, and while in general it will not cause the 
anomaly given by a body to disappear, it will modify 
calculations of the size and dip of the body. To the 
contour map of the magnetic intensity given by a 
sedimentary basin, a regional tilt will result in an 
unrealistic physical picture of the topography of the 
basement and errors in the calculation of the depth of 
the basement.
The E ffect of P ermanent Magnetisation.
In the past it had always been assumed, as a 
rough working assumption, that all the rocks had no 
permanent magnetisation. This assumption was made 
despite the fact that Königsberger (1938) discussed 
permanent magnetisation at great length as early as 
1938, In recent years, permanent magnetisation' has 
been investigated in great detail (Runcorn (1955) 
and Irving (1957)), and the work indicates that large- 
scale polar wandering has taken place in the past, 
h urthermore, the intensity of magnetisation is larger 
than the susceptibility in magnetically stable rocks. 
Thus the assumption that the magnetisation in rocks 
giving rise to all airborne anomalies is due to induced 
magnetisation is indeed on shaky foundations. 
Permanent magnetisation can have profound effects 
upon the shape of the anomaly given by a body.
The efleet of perm an en t m agnetisa tion  on the profile of m agnetic 
in tensity  over a  dyk e :—
(1) Zero perm an en t m agnetisa tion ;
(2) Perm anent m agnetisa tion  pointing eas tw ard s .
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Consider the ease of a dyke 1,000 ft. wide that strikes 
360 deg. and whose susceptibility is 10 X 10-4  
(basalt). Other assumptions are that the aeroplane 
is at a height of 500 ft. and the earth’s field is 
50,000 gamma inclined at an angle of 40 deg. with the 
horizontal. The anomaly is shown as profile 1 in 
figure 1.
If, in addition, the dyke should be permanently 
magnetised to the east and the intensity of permanent 
magnetisation be 5 X 10~4 e.m.u., the anomaly will be 
as shown in profile 2 in figure 1. The classical case of 
a system of dykes, the profiles of which have been 
greatly modified by the permanent magnetisation of 
the dykes, is the Planberg system of South Africa. 
Gelletich traced the concealed dykes over hundreds 
of miles but he made no calculation about their dip, 
pointing out that the vertical anomaly was reversed. 
Recently these dykes have been investigated palaeo- 
magnetically by Gough (1956), who finds that the 
dykes are permanently magnetised in the direction 
given by declination 24 deg., inclination +  69.
It can be seen that the effect of permanent 
magnetisation can change the appearance of 
anomalies from bodies, but as a result of palaeo- 
magnetic surveys which have been extended back as 
far as the Proterozoic it is possible to predict the 
direction of permanent magnetisation of all bodies 
of known age right back to the Proterozoic. Also 
available now is a much more realistic set of values 
for the values of susceptibility for many rock for­
mations. Consequently, the geophysicist who begins 
an interpretation knowing the magnitude and 
direction of permanent magnetisation and the sus­
ceptibility, is in a position to give a much more 
accurate reconstruction of the geology than could have 
been possible a few years ago.
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The Use o f M agnetic Measurements for the Study o f  
the Structure o f Talus Slopes
By Ian M cD ougall and R onald G reen 
Abstract
By means of measurements of the direction of magnetization, 
talus may be distinguished from rock which has remained in situ.
A criterion has been developed for the conditions under which 
the boundary between talus and rock in situ can be identified.
This method is particularly useful when the upper portion of the 
rock in situ is broken and weathered and it has been applied with 
success to a scarp in the dolerite of the Western Tiers in Tasmania.
Here the results suggest that in the upper part of the talus the 
jointed blocks have definitely fallen into a sub-horizontal position, 
whereas at lower levels they are only slightly tilted.
Introduction
X T  is of considerable economic importance in connection with 
X tunnelling operations to know accurately the depth of talus 
covering undisturbed rock. In such cases the slope is usually drilled 
and an attempt is made to estimate the position of the junction between 
talus and rock in situ from core recovery, weathering, etc. In many 
cases it is extremely difficult to give an answer by drilling alone. One 
such case was encountered in the talus slope from a dolerite sill which 
had been drilled by the Hydro-Electric Commission of Tasmania and 
a preliminary study of this by Jaeger and Green (1958) showed that in 
this case magnetic measurements, and to some extent density measure­
ments also, could be of considerable value in elucidating the structure 
of the material in the talus slope. It was found that rock in situ was 
magnetized in an almost vertical direction (i.e. a magnetic dip of almost 
90°), whereas talus has very low values of magnetic dip. A detailed 
examination of the same talus slope has since been undertaken and in 
addition to an accurate and positive determination of the depth of talus 
cover it has been found that in the upper part of the talus the jointed 
blocks have definitely fallen into a sub-horizontal position whereas at 
lower levels they are only slightly tilted. This suggests that there are 
at least two stages in the formation of a talus slope; firstly, the 
columnar jointed blocks tilt, and subsequently the blocks fall over and 
come to rest in a sub-horizontal position.
While the case in Tasmania is extremely favourable for the applica­
tion of the magnetic method, it is felt that the method can, in general, 
be of great value in elucidating the mechanics involved in the physical 
movement of rock masses. Aramaki and Akimoto (1957) have used 
an essentially similar method to estimate the temperature at which 
volcanic bombs landed.
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The G eological Setting
The geology of the area has been mapped in detail by McKellar 
(1957) and only a short summary will be given here, the information 
being taken mainly from the above paper. Dolerite, probably of 
Jurassic age, was intruded in the form of a sheet some 1,200 feet thick 
into a sequence of gently dipping Permian and Triassic sediments whose 
total thickness was about 4,000 feet. The dolerite is confined almost 
entirely to the sediments of the Triassic system and in this region the 
roof sediments have been removed by erosion. During the Tertiary 
strong tensional faulting took place throughout Tasmania, and as a 
result of this the extensive Central Plateau was formed which on its 
eastern margin is bounded by a fault scarp with a relief of over 3,000 
feet. The Western Tiers in this area were formed by the retreat of a 
scarp some three miles from the main north-west trending fault—-the 
Tiers Fault. It is on this steep scarp that the talus deposits occur. 
The dolerite is broken up into a series of vertical contraction joint 
columns, commonly with sides up to 5 feet across, and less marked, 
well-spaced, approximately horizontal, joint planes. The petrology of 
the Great Lake dolerite sill has been dealt with by Jaeger and Joplin 
(1955), Joplin and Jaeger (1957), and McDougall (1958).
R esults and Their Interpretation
The results of the measurements are tabulated in Table 1 and are 
graphically presented in Text-fig. 1. No account has been taken of the
Table 1.
Hole No. 5086.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
150 86 750 86
300 88 801 89
400 86 850 84
497 88 900 86
701 90 1,000 86
Hole No. 5085.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
4 65 172 54
16 20 176 70
27 62 180 86
39 37 190 87
50 26 201 80
80 36 225 87
100 31 251 80
112 41 275 85
125 66 306 87
150 59 400 79
160 61 450 90
170 61 510 86
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Hole No. 5033.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
25 5 260 4
37 4 270 2
49 7 280 52
65 20 283-300 15
76 22 300-314 84
85 35 317 90
99 9 350 89
113 12 373 90
124 30 400 82
138 28 426 88
151 15 455 85
164 14 459 90
174 18 474 88
201 22 502 89
214 34 526 82
225 44 548 90
251 17
Hole No. 5032.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
10 45 180 50
28 28 188 48
37 60 196 19
48 23 201 78
62 20 209 61
75 11 226 37
102 17 231 56
126 9 252 79
139 6 275 77
149 12 295 68
160 19 315 69
172 59
Hole No. 5030.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
50 28 100 69
75 11 110 81
Hole No. 5019.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
12 15 199 59
31 42 226 68
48 50 249 58
75 56 276 63
99 50 300 70
125 57 329 56
152 58 363 65
175 58
Hole No. 5020.
Depth in feet below Inclination Depth in feet below Inclination
collar of hole. in Degrees. collar of hole. in Degrees.
11 8 72 5
25 5 91 34
47 21
The complement of the angle which the direction of magnetization makes 
with the direction of the borehole is listed for specimens from the given 
depths below the collar.
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azimuth of the direction of magnetization because it is not possible to 
determine this from the borehole samples. In hole 5033 it can be seen 
that from the collar to a depth of 291 feet the samples have rather low 
dips which are almost without exception less than 45° and with the 
majority less than 35°.
The region from 283 feet to 314 feet is one of strong fracturing and 
very poor core recovery. From 314 feet to 328 feet there is still strong 
fracturing and very poor core recovery but the dip has now become 
high, and high values with an average of 87° are maintained to the 
base of the hole. This value of 87° is in close agreement with the 
measurements of Blackett (Jaeger and Joplin, 1955) on another bore­
hole in the same igneous body, and with the mean value given by Irving 
(1956) for the whole of the Tasmanian dolerites.
These results suggest that all the dolerite below 314 feet (i.e. all the 
dolerite with a high dip) is in situ and that the transition to talus takes 
place in the region between 283 feet and 314 feet which consists of 
small, badly broken material. Above this region, judging by the fairly 
good core recovery, the material appears to consist of large blocks of 
elongated joint columns, which have broken off and whose low mag­
netic dips show that they are lying in a sub-horizontal position.
In holes 5019, 5020, and 5030 the relatively low dips indicate that all 
the material is talus (except possibly the lowest sample of 5030).
Borehole 5032 may possibly be an intermediate case. Here, low 
dips predominate to a depth of 196 feet, indicating that the material is 
entirely talus; below this depth the dips are steep, averaging 75°, but 
not so steep as that of dolerite in situ. This suggests that the lower 
part of this hole may be through joint columns which have tilted but 
not yet fallen over. The same appears to be true of hole 5085 since 
moderate dips occur to a depth of 176 feet, below which the dips 
become nearly 90° relative to the drill hole, but since the hole is at an 
angle of depression of 70° the dips in rock in situ would be expected 
to be of the order of 70°. However, there is also the possibility that 
even though the hole was commenced at an angle of depression of 70° 
it became vertical after a short distance owing to the drill being 
deflected by the very strong vertical jointing. This would explain very 
satisfactorily the high and uniform dips obtained below 176 feet, 
suggesting that below this level the dolerite is in situ and above it the 
rock is talus material.
These results imply that two distinct processes may be operative, 
firstly a tilting of blocks and secondly a definite falling over. The talus 
slopes on the face of the Western Tiers are in many cases not just 
groups of sub-horizontal columns with the complete range of azimuths 
but also there are very large blocks of dolerite—up to 300 yards across 
and 100 feet in height—which have moved as a unit and in which the
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columns are dipping uniformly back in towards the dolerite cliffs 
behind. The relatively uniform dips of the magnetization for a num­
ber of successive specimens taken from a hole such as 5085 is most 
probably due to the fact that the hole passes through one of these large 
blocks.
Evidence from D ensity M easurements
Jaeger and Joplin (1955) and Jaeger and Green (1958) have shown 
that there is a characteristic variation in the density of dolerite as a 
sill is traversed from its base to its upper contact.
It was considered, therefore, that the height above the base of the 
sill at which a piece of dolerite was formed could be deduced from its 
density. Since the direction of movement of blocks in a talus slope is 
downhill, the recovery of a piece of core with a density characteristic 
of a higher level, indicates that the core has been obtained from a block 
which is talus. The densities of the samples from the bore cores under 
consideration were measured in the manner described by Jaeger and 
Green (1958) and the results plotted in Text-fig. 1. For comparison, a 
curve showing the expected variation of density with height above the 
lower contact for a bore through dolerite in situ, is drawn through 
the experimentally found points.
Statistical fluctuations are to be expected in the density determina­
tions, but where there is a significant difference between experimentally 
found points and the curve for solid dolerite, it is to be expected that 
in this region the core has been passing through talus and not rock 
in situ.
From the collar of borehole 5033 to a depth of 300 feet, the signifi­
cantly low densities indicate that in this region the borehole passes 
through talus and furthermore, that the talus has been derived from a 
considerably higher level in the sill. Below 300 feet the density values 
lie along the curve for solid dolerite, indicating that the borehole below 
this level is in rock in situ. For this borehole the density measure­
ments are in excellent agreement with the magnetic measurements.
In 5085 the densities in the upper part of the hole agree with the 
results of a bore at the same level through dolerite in situ. The 
dolerite in the upper part of the hole is definitely talus material and 
appears from the density measurements to have originated from a level 
not far above its present position.
The density values in the lower part of the hole are less than is 
expected and this suggests that the dolerite was derived from a 
considerably higher level in the sill than that at which it now 
occurs. To reconcile this fact with the nearly vertical magnetiza­
tion it is necessary to postulate some sort of landslide in which
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a large block of dolerite broke off from the cliffs and moved 
down the slope some hundreds of feet with very little tilting during the 
movement.
In both 5019 and 5020 the densities of the samples show that the 
dolerite has a lower density than that to be expected if it were in situ, 
and indicate that the dolerite was derived from a position high up in 
the sill. This is in agreement with the magnetic results which indicate 
that the dolerite in both holes is not in situ.
The densities in 5030 and 5032 in the main conform closely to the 
values expected if the dolerite were in situ. Although the magnetic 
work indicates that at least the upper parts of the holes is talus material, 
this is not necessarily at variance with the results from the density 
measurements as the dolerite need not have travelled far.
Thus it can be seen that in the case of 5033 particularly, and also in 
5019 and 5020, the density measurements are consistent with the 
results obtained from the magnetic work. The densities in 5030 and 
5032 neither confirm nor deny the interpretation given from the 
magnetic results and in 5085 the densities would appear to indicate 
that the lower part of the hole is through a large dolerite block which, 
however, must have been part of a landslide which has moved several 
hundred feet downwards with but little rotation. Mechanically, this 
movement is of limited occurrence and the authors are more in favour 
of regarding the lower part of this hole as being in situ and the density 
results as being anomalous.
It is not within the scope of this paper to discuss the origin of these 
talus slopes other than to say that they are due to gravity acting on 
vertical elongated columns which, when left unsupported, tend to 
move down the steep slope and come to rest sub-horizontally at a lower 
surface.
The Conditions for the Identification of the Talus-Solid 
R ock Boundary
The following arbitrary directions are plotted on a stereographic 
projection (Text-fig. 2):—
(1) M  the vector direction of the permanent magnetization of rock
in situ.
(2) C the vector direction of the elongated axis of the rock blocks.
(3) P the vector direction of the normal to the plane on to which the
rock blocks fall.
(4) D the vector direction of the drill hole.
A system of co-ordinates is used in which the direction of D
coincides with the OZ axis of the stereographic projection.
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Writing /_ CM for the angle between the vectors C and M, this will 
also be the angle which the direction of magnetization in a fallen block 
makes with its elongated axis. However, the axes of the fallen blocks 
will be scattered with random directions over the plane whose normal
North
s ' -  —
South
Text-fig. 2.—A stereographic projection showing on the upper hemisphere 
the right circular cone MN along which must lie the directions 
of permanent magnetization of solid dolerite, and the right circu­
lar cones RST, on the upper hemisphere and R'S'T', on the lower 
hemisphere, between which the direction of magnetization of talus 
material must lie.
These cones are only for the case discussed in the text.
is P. Thus the directions of magnetization found when drilling must 
be outside the right circular cones RST and R'S'T' in the upper and 
lower hemispheres, respectively, whose axes are along P and whose 
semi-vertical angles are 90— ^ C M .
The direction of magnetization of rock in situ is given by the vector 
M, and as a result of the loss in azimuth when taking a bore core out 
of a drill hole the direction of magnetization for rock in situ may be 
anywhere on the circular cone MN.
The criteria for a positive determination between rock in situ and
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talus is that the circles RST and MN should not intersect (this is the 
case shown in Text-fig. 2). This requires
Z  CM +  Z. MD +  / .D P  <90°.
For the Tasmaniam dolerites, M, C, and D are very close together 
and a sharp boundary can readily be identified.
Measurements of rock magnetism are of course treated statistically 
and if q> is the probable error in the direction of M  the criteria developed 
above is to be replaced by
Z CM +  Z M D  +  Z DP +  2? <  90°.
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Abstract
The magnetic properties of the Cainozoic Volcanics from their type area in Victoria are 
examined in detail to give the broad picture of the behaviour of the Earth’s magnetic field as it 
existed at the time of extrusion of these Volcanics. On the basis of the direction of magnetization 
of stably magnetized samples, a clear-cut division is found to exist between the Older Volcanics 
of Gippsland and the Newer Volcanics of the Western District and, since such a division should 
be found by sufficient sampling to exist for all other Cainozoic Volcanics, the possibility of this 
new method for stratigraphical correlation is illustrated by a few palaeomagnetic measurements 
of Volcanics from elsewhere in eastern Australia.
Numerous specimens from both the Older and Newer Volcanics are found with the direction 
of magnetization reversed, which is important in geophysical prospecting and may be of value 
for detailed geological mapping.
The plausible dipole assumption for the steady-state condition of the Earth’s magnetic field 
is used in conjunction with the palaeomagnetic measurements to advance the idea of limited 
polar wandering during the Cainozoic.
Introduction
In some rocks the directions of remanent magnetization may be identified with 
the direction of the geomagnetic field at the time and place of deposition, and, in 
recent years, some success has attended the efforts which have been made to explore 
the variations in the geomagnetic field in remote ages by measuring in the laboratory 
the directions of magnetization of rock specimens whose geological age and field 
orientation are known. Igneous rocks owe their magnetization to the presence of a 
large number of small particles of ferrimagnetic minerals, usually opaque oxides of 
the system Fe0 -Fe20 3 -Ti0 2 . These are scattered in a matrix of paramagnetic or 
diamagnetic minerals such as quartz, amphibole or felspar, which make up the 
bulk of the rock but which do not contribute to the remanent magnetization. Most 
of these ferrimagnetic minerals have Curie temperatures between 200 and 700°C., 
above which they are paramagnetic, and, on cooling down through these tempera­
tures in a magnetic field, they acquire a permanent magnetic moment in the field 
direction. This is thermoremanent magnetization, and the ferrimagnetic minerals in 
igneous rocks become magnetized in this way on cooling in the Earth’s magnetic 
field.
The direction of the geomagnetic field is specified by the angles of declination (D) 
and inclination (I) .  D is the aximuth of the horizontal magnetic force and is 
reckoned in degrees east of geographic north. I is the angle between the total 
magnetic force and the horizontal plane and is reckoned negative if the south-seeking 
compass direction is below this plane and positive if above it. Nowadays the 
horizontal component of the geomagnetic field is aligned approximately north-south, 
so that D is usually small over most of the Earth’s surface. The inclination varies 
between 0° and 90°. It is low near the equator and high in polar latitudes; negative
* Department of Geophysics, The Australian National University, Canberra, A.C.T.
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B°th groups have been extensively sampled and show two important features- 
1. Within each group the average direction of magnetization regardless of 
sign remains approximately constant, but repeated reversals of polarity 
occur. Sometimes the magnetizations are normal (—ve) with the south
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pole directed below the horizontal plane, and sometimes reversed (+ve) 
with the north pole downwards.
2. In the Newer Volcanics the average direction of magnetization has an 
inclination of 59 8°, whereas in the Older Volcanics the mean inclination 
is 13-1° steeper.
These two features are referred to, respectively, as reversals and change of the 
average direction. Reversals occur several times within each group, whereas the 
change from the steep inclination in the Older Volcanics to the lower value in the 
Newer Volcanics is a much slower process. Reversals may be interpreted (there 
are alternative explanations) as indicating reversals in the sign of the geomagnetic 
field, but the change in direction of magnetization between different rock forma­
tions is thought to be due to an entirely different geophysical process, namely, a 
change in the attitude of the mean magnetic axis of the Earth relative to the outer 
layers (Creer et ah, 1954). The directions in the Newer Volcanics are such as 
could have been acquired in the field of a geocentric dipole whose axis, which will 
be called the mean geomagnetic axis, coincides with the present axis of spin. On 
the other hand, the mean geomagnetic axis consistent with the magnetization of 
the Older Volcanics is at an angle of 23 2° to this.
In the other states of the Commonwealth, attempts by purely geological methods 
to extend the two-fold division established in Victoria have been successful to 
some extent, but in many cases it is impossible to define ages with any degree of 
certainty. The difference in direction between the Older and Newer Volcanics in 
Victoria should exist in basalts of earlier and later Cainozoic age elsewhere, so 
that palaeomagnetic data may be of assistance in stratigraphic correlation. The 
possibilities of this method are illustrated by comparing some magnetic results from 
basalts in Queensland, New South Wales and Tasmania with the “standard" 
results from Victoria.
Experimental Methods
Fresh hand specimens were taken mostly from quarries, road cuttings and sea 
cliffs. Thirty microscope slides were examined to test for incipient weathering which 
may not be detectable in hand specimens. In all cases the outlines of the iron 
minerals were clean and there was no indication of weathering which could have 
altered the initial magnetic properties.
The hand specimens were orientated prior to extraction from the rock face by 
standard geological techniques. Cylinders were machined from these with non­
magnetic tools, orientation being preserved during the process. The directions of 
magnetization and susceptibility of these cylinders were measured on the magneto­
meter described previously (Irving, 1956a).
The method used here of conducting a palaeomagnetic survey of volcanic forma­
tions with optimum sample economy has been described previously (Watson and 
Irving, 1957). For the general survey of the Victorian lavas, samples have been 
taken from as many sites as possible spread over the outcrop, with two or three 
samples at each to minimise experimental error. In this way inhomogeneities due 
to the secular change of the geomagnetic field and geological tilting are averaged 
out, and a wider regional picture is obtained than would otherwise be the case if 
the same number of samples were distributed among fewer sites. Errors due to 
geological tilting have been reduced to a minimum by using only those sites at 
which the beds are known to be flat-lying or dipping by less than 5°. The effect
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F ig. 1.—Sketch map of south-eastern Australia showing the outcrop of the Cainozoic 
volcanics and the areas sampled.
of this will be lost in any case when results from many localities are averaged, and 
the present horizontal will be a close approximation to the horizontal at the time 
of deposition.
The areas from which collections were made are shown in Fig. 1. Locality and 
sampling details are listed in Table 3. The distribution of sites in Victoria is shown 
in Fig. 2, and the region in the neighbourhood of Melbourne in greater detail in 
Fig. 3. In the Newer Volcanics, 2 samples were taken at each of 30 sites and the
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area covered is approximately 10,000 square miles; 2 sites (NV10, NV15) were 
sampled in detail to test for consistency within a single lava flow. In the Older 
Volcanics only 15 suitable sites were found and, because of this, 3 samples were 
usually obtained at each. The coverage is about 5,000 square miles. Outside Victoria
MILES
PORT PHILLIP 
BAY ^  °
F ig. 3.—Distribution of sampling sites in the Newer Volcanics of the Melbourne area.
The basalt outcrop is left blank, and the sites are numbered and marked as in Fig. 2.
the collecting sites are scattered over eastern Australia, 2 or more samples being 
obtained at each.
The Directions of Magnetization of the Victorian Lavas
The directions of magnetization are shown on equal-area projections in Figs. 4 
to 7. The plane of the projection is always the horizontal plane and plotting is always 
on the upper hemisphere. The degree of uniformity at 2 quarries is illustrated in
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Fig 4 There is good agreement at the individual sites and irrespective of sign there
iS Ä f i Ä S  .he Newer Volcanics are plotted in Fig 5; 
13 sites have the polarity of the present field (north-seeking polan^tionupw ards^ 
rmrl 16 are of oooosite polarity, the two groups being exactly 18U apart, d sites 
h a l  mixed p S h y  The overall mean direction, regardless of sign is parallel 
to the geo^ ä n ^ c  S a l  dipole field (Table 1, Fig. 7). The mean site directions in
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the Older Volcanics are given in Fig. 6; 9 sites have negative inclination 4 are 
posR^e and 2 sites have mixed polarity. The data are insufficient to test the exact­
ness of these reversals The average direction of the whole group, regardless of 
sign, is given in Table 1 and Fig. 7. The inclination is steeper than in the Newer 
Volcanics and the declination is easterly.
T able 1
The Directions of Magnetisation in the Victorian Volcanics and the Pole Positions 
consistent with these Directions
Average direction of 
magnetization
Sampling
area Pole position
D I P = 0 0 5 Lat. Long. Lat. Long. 5 mP = 0  0S
3 p
P = 0  0S
Newer
Volcanics 3-4 -5 9 -8 4-8 38 OS 143-SE 86-3S 102-IE 7-2 5-5
Older
Volcanics IS -7 2 -9 6-8 38 OS 145-5E 66-8S 122 -7E 121 10 8
thfo^f?llnaitl0ri and inc,ination of the average directions, a is the Fisher
The occurrence at 5 sites (Fig. 2) of mixed polarities is a matter of some 
interest. Contiguous samples with opposed polarities have been noticed previously 
in these basalts by Rayner (private communication). Three possible explanations 
may be given:
1. At each of these sites several lava flows, although not distinguishable, 
may in fact be represented, so that the specimens can have cooled through 
the Curie temperature at different times between which the magnetic 
held reversed.
2. Self-reversal processes of the type mentioned later under “Reversals of 
Magnetism may have operated.
3. Errors in orientation may have occurred despite the great care taken to 
avoid them.
The Position of the Pole in the Past relative to Australia
It has been pointed out in the introduction that the average direction of magnetiza­
tion of a rock formation is parallel to a line of force in the Earth’s dipole field. From 
this average direction the axis of this dipole field may be calculated and also the 
positions of the points or poles at which this axis intersects the Earth’s surface 
b ); The Pole positions consistent with the directions of magnetization 
of the Older and Newer Volcanics are given in Table 1 and plotted in Fig 8 
The pole for the Newer Volcanics coincides with the present geographic pole 
showing that the Earth’s magnetic field during the past million years has been so
dinot3 ° p he n ° rl? -S COnT Y ed’ on avera£e that of a geocentric axialdipole. The Older Basalt pole is on the fringe of the Antarctica and much nearer
Australia. Previous work on the dolerite sills of Tasmania (Irving, 1956a) and 
the lavas and glacial varves of the Kuttung Series of New South Wales (Irving,
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1957a, b) has defined the pole positions for the Jurassic and Upper Carboniferous. 
They lie in what is nowadays the region of the Tasman Sea and, with the Older 
Volcanic pole, fall consecutively on a path leading in a broad sweep to the pole for 
the Newer Volcanics and the present geographic pole. Since the magnetic and 
rotational poles have coincided during the past million years, it may be suspected 
that they always have been coupled together, so that the path in Fig. 8 is also the 
path of the geographic pole relative to Australia. Evidence in support of this view 
is found in the deposits of glacial origin which occur in the Upper Carboniferous in 
many parts of Australia. These deposits indicate frigid conditions such as are most
o
F ig. 8.—The position of the pole relative to A ustralia in the past. The pole positions 
are numbered as follows: 1 Newer Volcanics of Victoria, 2 Older Volcanics of Victoria,
3 Tasmanian dolerite sills, 4 Kuttung Volcanics, 5 Kuttung sediments.
likely to have arisen in a high geographic latitude, just as the palaeomagnetic results 
indicate a high geomagnetic latitude. Theoretical reasons connected with the origin 
of the geomagnetic field also suggest that the two poles will always have coincided 
(Runcorn, 1954). The evidence in Fig. 8 would suggest therefore that in Carboni­
ferous times the south geographic pole was just to the east of Australia and has 
since moved gradually away, reaching its present position during Upper Tertiary 
times.
Reversals of Magnetization
Reversed magnetizations were noticed first in the Cainozoic basalts of Australia 
by Mercanton (1926) in 3 specimens from Queensland, and again by Rodgers 
(1952) in 4 specimens from the Armidale region, and by Almond, Clegg and 
Jaeger (1956) in one bore-core specimen from Tasmania. Rayner (1937, 1940) 
has inferred from local anomalies in the geomagnetic field in central New South 
Wales and New England that the directions in underlying basalts are in some cases 
reversed. In addition to these and the reversals in Victoria, the authors have found 
reversely magnetized basalt at Toowoomba in Queensland and at Berrima in New 
South Wales (see Table 3).
Reversals of magnetization could result either from complex processes affecting 
the iron minerals (Neel, 1951) or from reversals in sign of the Earth’s magnetic 
field without change in direction of the dipole axis. Both may have occurred. The 
first and, so far, the only laboratory demonstration of self-reversal properties in 
a naturally occurring rock has been given by Nagata et al. (1952) for a dacite
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from Mt. Haruna in Japan. This rock possesses a reversed natural remanent
fiHdnrakeStl0n and’ whf n C00led from above the Curie temperature in the Earth’s d, takes on a magnetization parallel to this field but opposite in sense. Six speci-
'™;ns of. reversed basalt from Victoria, when treated in the same manner, acquired a 
magnetization with the same sense as this field, as is the case in all re-heating 
periments so far conducted on basalts from elsewhere in the world. This would 
seem to suggest that these basalt reversals reflect a change in sign of the geomagnetic 
eld, but it must be recognized that during re-heating experiments the delicatf self- 
reversing property may be destroyed and such tests are not therefore decisive 
of S Z r  magnetizations are a characteristic feature of the Cainozoic volcanics 
untfl m n ? L w  an , Ky ” e m equivalent lavas in the Northern Hemisphere, but 
whPthTr f  l nd !ab?ratory data are available from them it is impossible to say 
during the Cainozdc" 6 rCVerSalS “  Slgn °f the geomagnetic field in Australia
Application of Palaeomagnetism to Problems in Geological Correlation
Reversals may, in future, be of some assistance for the relative dating of beds 
within a rock formation For instance, if the whole of the lower part of a rock 
formation is reversed whereas the upper is normal, the magnetic polarity becomes 
a characteristic of considerable value for correlation purposes. As often happens 
™ e! ^ beds Wlth reve^ed  and normal magnetizations alternate in serial fashion,
does nnIhaHoCCU>r!nCK °f ,f reve,rsed magnetization in a specimen of unknown age does not allow it to be allocated to any specific level. A survey of all the known 
outcrops of the Newer Volcanics, paying attention to the polarity only, could be
chrono^ocTT7 ?UlckIy and lllay be. of helP m mapping these lavas whose detailed chronology is at present so uncertain.
The changes in average direction of magnetization are more important for 
correlation purposes From the pole positions given in Fig. 8, it is possible in 
principle to predict the average direction of the geomagnetic field for any part of 
Australia during any of the epochs represented. The directions observed in rocks
5 P  u*?  bT comPared with these theoretical values and a 
p obable age allotted on this basis. Just as rock formations of a certain age may be 
identified by a fossil or fossfl assemblage, they may also be identified by a certain 
c irection of magnetization which arises from the geomagnetic pole being in a certain 
position relative to Australia during the time of deposition. Since the rate of polar 
movement relative to Australia is slow even on the geological time scale, the dating 
by this method is not as precise as that achieved by palaeontology, and although it 
ought to be possible to assign a rock group to a particular epoch,'in general, it will 
not be possible to place it in one of the sub-divisions of that epoch. Consequently,
• e ^ reatest aPPllcatl°n of this method is in unfossiliferous rock formations, notably 
in the Pre-Cambrian and in igneous rocks of younger date. Measurements are now 
th ! « imade ° e,xtend t'oom -vein  Fig. 8 back into the Pre-Cambrian, and when 
will Ire avaSabi? * ^  ° f t lC greatest assistance to Pre-Cambrian chronology
Although the Cainozoic basalts of Victoria can be dated for the most part with 
some accuracy, the dating of these basalts elsewhere in Australia is far from satis­
factory. By comparing the directions of magnetization in these basalts against the 
standard directions found in Victoria, some information about their age may be 
provided. As an illustration of this method, directions observed in basalts from New 
South Wales, Tasmania and Queensland are used. Inclinations only are compared,
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since the difference between the Older and Newer Volcanics is largely one of inclina­
tion. The co-latitudes for the collection area relative to the Newer and Older Volcanic 
poles are obtained by calculation (or graphically from Fig. 8) and the theoretical 
inclination is then obtained from equation (2). These values are listed against the 
observed inclinations in Table 2. The basalt of Berrima in New South Wales
T able 2
Comparison of Observed Inclinations with the “Standard” Values from Victoria 
(Localities are marked in Fig. 1 and Table 3.)
Locality
Theoretical inclination deduced from the Victorian results Observed
From the Newer Volcanics From the Older Volcanics Inclination
A 49 65 43
B 56 70 71
C 62 74 78
D 62 74 80
E 62 74 69
F 62 74 54
(site B) has a large magnetic inclination (71°) very much steeper than that pre­
dicted for this region in Upper Pliocene and Quaternary times by results from the 
Newer Volcanics of Victoria (56°), but is similar to that anticipated for this 
region from the Older Volcanic data (70°) suggesting that it is comparable in 
age with the later. The basalt has been deeply dissected and duri-crusted, and a 
Lower Tertiary age is favoured on these grounds (David and Browne, 1950, 
p. 575). The palaeomagnetic and geological evidence is consistent, and the case for 
these basalts being of Lower Tertiary age is thereby greatly strengthened.
Near Wynyard in Tasmania (site C), a hillside excavation by Mr. M. R. Banks 
exposed a basalt beneath a Miocene limestone. The steep magnetic inclination in 
this indicates a Lower Tertiary age which is in agreement with the geological 
evidence.
The magnetic inclination in the basalt of Circular Head, Tasmania (site D), is 
steep, suggesting a Lower Tertiary age. Petrologically this basalt is similar to the 
Older Volcanics of Victoria (Edwards, 1940) and the field evidence, although not 
definite, is not inconsistent with a Lower Tertiary age.
The basalt of Skittle Balls Plain near the Great Lake, Tasmania (site F ) , has 
a moderate inclination indicating an Upper Tertiary or Quaternary age. This is 
consistent with the geological work of Voisey (1949) who regards these basalts as 
post-dating the main faulting in the region which Carey (1946) suggests in early 
Miocene.
The basalt at Clarence River, Tasmania (site E ), gives a direction between the 
two predicted values. The geological indications of its age are also uncertain.
The basalts of Toowoomba, Queensland (site A ), have an inclination appro­
priate to an Upper Tertiary or Quaternary age. This is contrary to the geological 
evidence which suggests that they are Lower Tertiary (David and Browne, 1950, 
p. 572).
B
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At 4 sites (B, C, D, E ), the palaeomagnetic and geological evidence is in agree­
ment; at site A they are contradictory, and at site F  both lines of evidence are 
indefinite. At each site only a small period of time is represented, so that errors 
due to the secular change of the Earth’s magnetic field will arise. This may account 
for the result at site F. For a similar reason the palaeomagnetic evidence at site A 
may be in error, although in this case the geological dating is doubtful. The other 
four results are satisfactory, and it seems probable that a full palaeomagnetic survey 
of the Cainozoic basalts in the states of the Commonwealth (other than Victoria), 
when used in conjunction with geological evidence, will provide an improved basis 
for dating these formations.
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T able 3
Directions and Intensities of Magnetisation, and Susceptibility
This table contains the primary data. Sites are designated as follows: Older Volcanics of Victoria OV1-15, Newer
Bean es of Victoria NV1-32, and sites in other states A to F. D. and I, are the deductions and inductions of 
ach individual specimen, D, and I. are the declinations and inclinations of the site mean directions. Reversed, 
„m a l and mixed polarities are signified by R, N and X respectively. M is the remanent magnetic intensity m 
m u X 104 per ccm. x is the magnetic susceptibility, being the ratio of the intensity of magnetization in e.m.u. 
. , i r . u  i.. _( fFiof m tin« i)• 9 oersted.)
S ite
lu m b e r
L o c a lity M ap G rid  R ef. D i h D s b
P olarity M X
O V l J a co b ’s Ck. Q uarry, 8 m . S . o f  
W alh alla
M oe 1 " 438  400E
313 900N
24
39
28
- 7 2
- 4 8
- 7 0
33 - 6 3 N
19-5
13-3
25-9
0-4
0-7
0-6
OV2 S.E .C . Q uarry, N . o f  Y allourn M oe 1" 434  700E  
299 600N
353
157
12
- 7 7
+ 7 7
- 7 1
0 - 7 5 X
12-2
7-2
11-3
5-9
6 0
3-6
OV3 S.E .C . Q uarry, N . o f  Y allourn M oe 1" 434  900E  
299  500N
358
6
321
- 8 0
- 8 1
- 7 7
345 - 8 0 N
8- 9 
7-6
9- 9
3 .2
3-9
2-8
O V4 True B lu e Q uarry, 1 m . W SW . o f  
M irboo N orth
M irboo  
N o rth  1 "
412 500E  
265 100N
153
167
173
+ 6 5
+ 6 6
+ 5 8
165 + 6 3 R
35-6
31-6
37-3
10-1 
2-3 
0-7
OV5 Quarry on  B erry’s Ck. R d ., S W . o f  
M irboo N orth
M irboo  
N o rth  1"
407 500E  
263 500N
160
140
+  75  
+  71
149 +  73 R 31-5
57-6
4-5
3-5
OV6 H illsid e Quarry, 2 m . SW . o f  M irboo M irboo  
N o rth  1"
417  600E  
253 700N
240
248
244
+ 4 2
+ 5 2
+ 4 9
244 + 4 8 R
10-7
18-9
10-3
4-6
6-6
6-6
OV7 Chalm ers H ill Q uarry, 3 m . E . o f  
L eongath a
K orum -  
burra 1"
399 900E  
255 200N
333
24
- 8 2
- 7 6
1 + 8 0 N
67-7
63-8
29-3
20-8
OV8 J in d iv ick  Q uarry, N . o f  W arragul D rouin  1" 391 600E  
309 4 0 0 N
337
7
24
- 6 3
- 6 6
- 7 3
0 - 6 9 N
14-9
10-9
2 3 1
5-0
5-2
8-2
OV9 Q uarry a t  D rouin  Sou th D rouin  1" 387 600E  
294  700N
325
110
160
- 7 6  
+  80  
+ 6 6
324 - 7 5 X
10-1
12-3
14-6
1 0 1
2 9 0
50-3
OVIO B a y v iew  Q uarry, B erw ick Cranbourne
1"
336 500E  
310  900N
59
59
30
- 5 5
- 6 2
- 4 9
48 - 5 6 N
12-6
10-4
7-7
1-3
3-8
1-7
OV11 S econd  Q uarry, nr. Berw ick Cranbourne
r
336 300E  
310 800N
14
8
354
- 6 6
- 6 1
- 6 1
6 - 6 3 N
22- 4
23- 4  
37-4
16-5
19-9
18-8
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OV12 Sea cliff nr. Pyramid rock Woolamai 325 800E 166 +  63 12-5 1-3
V 189 +69 188 +  64 R 5-7 0-8
249 800N 205 +58 14-7 3-8
OV13 Evans Quarry, Phillip Is. Western 325 100E 281 -7 2 39-8 16-6
Port 1"
255 100N 19 -7 9
319 - 8 0 N
15-5 5-7
OV14 Sea cliff, Phillip Is. Woolamai 218 100E 28 -6 9 15-4 4-5
r 59 -7 9 47 - 6 9 N 10-2 0-5
252 600N 55 -5 7 24-5 4-2
OV15 Sea cliff between Flinders and Cape Sorrento 290 200E 80 -7 8 8-4 11-4
Schanck l" 58 -6 7 85 - 7 6 N 11-3 10-8
254 300N 133 -7 8 4-4 5-4
NV1 Quarry nr. Turritable Falls, Mt. Lancefield 262 600E 33 -4 2 61 12-5
Macedon r
385 500N 36 -6 0
34 -5 1 N
7-6 15-6
NV2 Quarry nr. Forestry Commission’s Melbourne 290 700E 347 -5 8 10-5 1-5
depot, Newport V
234 700N 347 -5 8
347 -5 8 N
12-7 1-5
NV3 Operating Quarry a t Newport Melbourne 291 800E 359 -6 6 7-5 2-2
1"
333 300N 95 -6 0
55 -7 1 N
77-4 10-5
NV4 Highfield Quarry, West Footscray Melbourne 288 900E 332 -6 0 8-0 2-5
l"
336 400N 349 -5 9
340 -6 0 N
11-2 2-3
NV5 Lord’s Quarry, Geelong Rd., Bray- Melbourne 288 500E 358 -5 6 6-8 20
brook l"
335 800N 350 - 4 9
356 -5 2 N
15-3 3-5
NV6 Willis Quarry, Geelong Rd., Bray- Melbourne 288 700E 358 -5 6 10-1 0-2
brook l"
335 900N 358 -6 5
358 -6 1 N
24-7 0-4
NV7 Stanley Quarry, Market St., Bray- Melbourne 288 200E 8 -5 3 4-6 20
brook r
337 500N 9 -5 5
9 -5 4 N
6-4 4-4
NV8 Regal Quarry, Duke St., Braybrook Melbourne 289 100E 18 -4 9 15-8 7-5
l"
341 700N 255 +63
41 -5 9 X
5 0 2-7
NV9 McGrath’s Quarry, Duke St., Bray- Melbourne 289 200E 338 - 5 0 71 1-4
brook 1"
341 500N 352 -6 0
343 -5 8 N
38-5 4-6
359 -5 6 3-9 0-8
11 -6 4 2-9 0-7
15 -6 3 3-8 0-7
4 -6 3 3-5 0-7
8 -6 6 3-5 0-7
0 -5 2 0-6 0-7
NV10 Albion Quarry, Sunshine Melbourne 286 200E 3 -5 4 0-3 -61-8 N 0-6 0-7
r 341 400N 20 -5 2 0-6 0-7 I
4 -6 2 0-6 0-7
18 -5 8 1-6 0-5 |i
9 -6 1 0-6 0-8
6 - 6 0 0-8 0-6
10 -5 5 0-6 0-5 I
17 -5 6 0-6 0-6
10 -7 2 4-3 0-4
354 -7 0 4-1 0-5
NV10
4 -7 4 4-0 0-5
354 -7 2 4-2 0-6
cont. Albion Quarry, Sunshine Melbourne 286 200E 351 -7 0 0-3 -61-8 N 2-9 0-6r 341 400N 338 -5 5 10-5 0-6
339 -5 7 12-8 0-5
358 -5 8 5-5 2-3
347 -6 1 6-7 1-0
NV11 Fowler’s Quarry, Keilor R., North Sunbury 291 800E 145 +50 1-7 3-9
Essendon V
345 700N 173 +57
157 +54 R
2-3 5-7
NV12 Merri Ck. Quarry Melbourne 302 300E 203 +  68 6-9 4-8
V
341 400N 183 +  80
192 +74 R
5-4 5-0
NV13 Paramount Quarry, Epping Yan Yean 304 800E 158 +51 18-3 5-8
V
353 100N 158 +46
158 +49 R
20-5 6-7
NV14 Rock Quarry, Station St., Fairfield Ringwood 305 700E 173 +51 88-6 20-0
l"
341 200N 164 +46
168 +49 R
120-0 56-6
144 +  31 13-5 7-1
150 +31 9-7 5-4
150 +25 9-3 5-9
150 +  35 13-7 7-0
142 +41 34-1 9-3
158 +39 26-5 19-0
136 +33 9-6 2-2
134 +30 10-5 3-3
143 +36 139-0 1-9
150 +33 29-9 2-6
150 +41 24-7 0-9
148 +  31 28-8 0-9
137 +32 16-5 5-9
143 +  26 20-7 6-6
143 +  29 18-7 3-4
150 +  34 17-3 6-6
133 +29 13-4 3-4
NV15 Adams’s Quarry, Yarralea St., Alph- Ringwood 307 OOOE 143 +  30 149-6 +34-9 R 16-1 6-9
ington 1" 341 000N 147 +41 22-9 7-7
147 +41 30-9 8-2
147 +41 31-0 8-9
152 +  39 46-2 13-6
157 +38 41-6 10-3
161 +41 49-4 12-0
152 +41 37-7 10-1
161 +39 39-3 8-1
151 +  31 29-7 9-5
153 +38 29-3 9-5
156 +  34 33-6 10-0
156 +  36 26-3 9-9
154 +  26 17-9 5-9
158 +  35 19-0 6-6
156 +  30 15-3 5-1
178 +40 58-0 1-6
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NV16 Werribee Quarry, Werribee Melbourne 263 900E 177 +  6 8 26-5 5-8 NV31 Porter’s Quarry, Heywood Heywood 459 000E 2 1 1 + 63 6-7 5-8
1 "
319 400N 177 + 5 7
177 + 6 2 R
22-4 1 0
l"
302 500N 2 2 2 + 6 0
217 +  61 R
6 - 6 1 - 6
NV17 Reservoir Quarry, Bacchus Marsh Ballan 248 100E 2 1 - 5 7 40-0 1 9 NV32 Portland Harbour T rust Quarry, Portland 461 200E 3 - 5 3 21-9 2 - 6
1 " 8 - 5 4 15 - 5 8 N 36-2 1-4 Portland 1 " 359 - 5 6 N
351 800N 16 - 6 2 33-9 1-4 268 2 0 0 N 8
348
348
- 3 7 5-4 0 - 2
NV18 Dunnstown Quarry, Dunnstown Ballarat 203 400E 150 + 5 0
152 +  61
7-5 40-5 - 8 4 4-5 1-9
360 800N 158 +  73 8-5 72-2 A The Main Range Toowoomba, Queens- Toowoom- 506 700E 175 +  35 1 - 2 5-6land 1578 OOON 196 + 2 4  
+ 2 6  
+  38
1-3 3-3
NV19 Council Quarry, Alfredton, Ballarat Ballarat
V
189 700E 2 2 - 4 8 9-4 1 - 6
r and
506 100E
177
182
187 + 4 3 R 61
23-6
1 0 - 1  
15-4
365 300N 192 + 5 2
X
14-2 8 - 8
1579 100N 157
277
+ 53
+ 5 9
1 1
51
3-5
3-5
NV20 Marnoch Vale Quarry, Geelong Geelong
1 '
240 300E 182 + 6 0
16 - 6 4 X
24-5 141
—
B Road cutting on Hume Highway 3 m. 
NE. Berrima, New South Wales
Mittagong
1 "
334 100E 174 +  73
208 +  1 1 R
45-6 1 2 - 2
293 600N 33 —60 33-8 14-4 741 100N 231 + 6 4 15-2 4 . 4
NV21 Minn’s Quarry, Fyansford, Geelong Geelong 237 400E 185 +61 6-9 0-7 C Seabrook Ck. E. of W ynyard, Tas- Devonport 379E 44 - 8 4 4 2 0 5-2
1 "
295 000N 178 + 5 6
181 + 5 9 R
7-9 4-5
mania ¥
948N 53 - 7 3
50 - 7 8 N
41-9 5-7
NV22 Fyansford Quarry, Fyansford, Gee- Geelong 237 500E 178 + 5 8 5-7 R.R D Circular Head Quarry, Stanley, Tas- Sm ithton 335E 1 0 - 7 7 35-2 25-7long V 183 + 5 7 R mania ¥ 50 - 8 0 N
295 600N 188 + 5 7 25-4 51 980N 90 - 7 6 42-7 27-4
NV23 Mobile Quarry, Fyansford, Geelong Geelong
1 "
237 700E 148 + 5 2
170 + 5 4
22-4 1-4
E Road cutting nr. Clarence R. and 
Bridge on Tarraleah Bronte Rd.,
Queens­
town
438E 16 - 7 2
344 - 6 9 N
5-2 3-2
% 296 OOON 192 + 53
R
34-8 M
Tasmania ¥ 807N 324 - 6 3 1 0 - 8 1-3
NV24 Pollacksford Quarry, Pollacksford 
Bridge
Geelong 226 900E 179 + 5 6
185
13-5 6-4
F Road cutting—Missing Link Rd., 
Skittle Balls Plain, Great Lake,
Devonport
i"
458E 1 1 - 5 7
5 - 5 4 N
9-4 1-3
1 "
295 800N 192 + 5 7
+ 5 7 R
26-7 7-4
Tasmania 830N 0 - 5 0 5-9 2-3
NV25 Armytage Quarry, Armytage Colac 1" 196 100E 241 + 8 5
2 0 2 + 8 2 R
3-9 1-3
278 400N 190 +  77 4-2 2 - 8
NV26 Cobden Quarry, Cobden Colac l" 597E 56 - 4 3
6 8 - 3 1 N
30-4 11-4
247N 76 - 1 9 4 2 0 2 1 - 6
NV27 Framlingham Rd. Quarry, Fram- Panm ure 563 200E 24 - 7 5 30-5 3-3lingham l" 348 - 6 7 N
276 100N 332 - 5 5 190 9-9
NV28 A rarat Ck. Quarry, A rarat Ballarat 593E 213 + 6 4 4-6 2-9
r
395N 194 +  71
205 +  6 8 R
9-3 2-7
NV29 B arret’s Quarry, A rarat Ballarat 592E 209 + 5 8 9 0 3-2
¥
396N 2 1 1 + 8 5
2 1 0 +  71 R
6-4 3-8
NV30 Menzel’s Quarry, Ham ilton Penshurst 501 500E 191 + 4 3 16-4 4 01"
342 100N 184 + 57
188 + 5 0 R
17-7 5-3
K-LV^ O
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Polar Movement Relative to Australia
E. Irving and R. Green
(Received 1957 October 28)
Summary
During Upper Proterozoic times the mean geomagnetic pole seems 
to have been situated near Australia. By the Cambrian it appears to 
have moved to what is nowadays the region of South Africa passing 
southwards into the Southern Ocean by Silurian and early Devonian 
times. In the Upper Carboniferous and Permian the pole lay in the 
Tasman Sea and Australia was once again in a high geomagnetic 
latitude. Later the pole moved slowly southwards, reaching the 
present geographic pole towards the end of the Tertiary.
i. Introduction
The mean position of the geomagnetic poles during any geological epoch 
may be calculated from estimates of the mean direction of magnetization of rock 
formations laid down at that time (Creer, Irving & Runcorn 1957). The method 
of obtaining these estimates has been discussed previously (Fisher 1953, Watson 
& Irving 1957, Runcorn 1957). These pole positions are given relative to the 
area in which the formation is situated. If rock formations from successive geo­
logical periods are studied in the same general region the path of polar wandering 
relative to this region is obtained. From palaeomagnetic surveys of some rock 
formations in Australia the movements of the geomagnetic pole relative to Australia 
during and since the Upper Proterozoic has been obtained in broad outline. The 
data are very far from complete but sufficient is known for certain general points to 
be made. The path of movement is known in some detail from Carboniferous 
to Recent times and with less certainty for periods prior to this. The stability of 
the magnetization of several of the rock formations studied has been demonstrated 
(Irving 1956, 1957a) by tests of the type described by Graham (1949).
Samples have been collected from rock formations distributed over a wide 
area of the Commonwealth (Figure 1). Most of the samples have been collected by 
the authors with invaluable geological guidance from Dr W. R. Browne of Edge- 
cliff, Sydney, Professor S. W. Carey and Mr M. R. Banks of the University of 
Tasmania, Dr O. P. Singleton of the University of Melbourne, and Dr A. A. 
Opik and Mr L. C. Noakes of the Bureau of Mineral Resources. In addition, 
many samples have been sent to us by officers of the Bureau of Mineral Resources 
by arrangement with Dr N. H. Fisher, and the Geological Survey of Western 
Australia by arrangement with Mr H. A. Ellis. The following officers of these 
organisations have collected specimens for us: Messrs M. A. Randall, R. Stuart 
and N. Mackay of the Bureau of Mineral Resources, and Mr L. de la Hunty of 
the Geological Survey of Western Australia. The specimens of Brisbane tuff
64
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were sent to us by Mr I. Macleod of the University of Queensland. We wish to 
express our gratitude to these people for their very great help, and also to Pro­
fessor J. C. Jaeger, Head of this Department, for many helpful suggestions and 
criticisms.
A list of the formations studied in Australia with their mean directions of 
magnetisation and attendant pole positions is given in the table. Each result is 
numbered in order of age from the oldest to the youngest, the numbering in the
M I L E S
F ig . i .—Locations of the rock formations sampled for palaeomagnetic work. 
The formations are numbered as in the table.
table and the figures being consistent. Correction is always made for geological 
dip so that the directions are given relative to the bedding (or, in the case of igneous 
rocks, the bedding of adjacent sediments) which is assumed horizontal at the time 
of deposition. Reversals of magnetization occur in many of the formations, for 
instance in the Antrim Plateau Basalts, and in these cases the two alternative 
directions are given. For those rock formations in which reversals have not so far 
been detected, the north-seeking directions are given. Only the southern hemi­
sphere poles are quoted in the table and there are, of course, antipoles to these in 
the northern hemisphere.
Stereographic projections are used throughout. On these the mean pole posi­
tion is indicated by a dot and is surrounded by an error area within which the 
pole lay at P  = 0 95. The area of error is circular when the sampling region was 
near the ancient pole, for example in the Permian volcanics, but is oval when the 
sampling region lay near the ancient equator. For a given sample size the former 
is eight times the area of the latter so that accurate pole determinations from rock 
formations deposited in high latitude require a comparatively large number of 
specimens.
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2. Polar movement since the Carboniferous
The pole during the Upper Carboniferous (Nos. 8a and 8b) determined from 
the sediments and lavas of the Kuttung Series of the Hunter River valley lay in 
what is nowadays the Tasman Sea (Figure 2). In Permian times (Nos. 9 and 10) 
it lay a little to the north and east. It is interesting that this result confirms an 
early measurement by Mercanton (1926) who recorded an almost vertical magneti­
zation in a single specimen from these lavas. By Mesozoic times the pole passes
ISO
F ig . 2.— Polar movement since the Carboniferous. T h e  poles are num bered  as in 
the  T able. T h e  southern  hem isphere poles are p lotted, th e  antipoles being given 
in F igure 5. T h e  approxim ate pole path  is indicated in  thick line (Polar
projection).
into the Southern Ocean (Nos. xi and 12) reaching the coast of Antarctica in 
the Lower Tertiary (No. 13). Since then it has coincided with the present 
South geographic pole (No. 14). The Northern hemisphere polar path for this 
time passes from North-west Africa in a broad sweep through the North Atlantic 
to the North geographic pole (Figure 5).
There is a suggestion in Figure 2 that the Permian pole is in advance of the 
Carboniferous one so that the direction of polar movement may have reversed 
during this time. However, the pole errors are large and verification by future 
measurements is necessary, but it is of interest that in the determinations from 
North America and Europe the Carboniferous pole positions also appear to be 
somewhat in advance of the Permian poles (see Figure 5, and also a review by 
Irving (1957b)).
3. Polar movement prior to the Carboniferous
For earlier times the pole path is sketched only in preliminary fashion (Figure 
3). Three rock formations within the Upper Proterozoic of Australia (Adelaidian 
System) have been studied. The oldest are the Edith River Yolcanics, a formation 
within the Catherine River Group, which belongs to the lower part of the Upper 
Proterozoic (Noakes 1956); the pole lay in the mid-Pacific (No. 1). The Nullagine 
lavas are part of a sequence which contains evidence of glaciation and for this 
reason are correlated tentatively with the Sturtian stage of the Adelaidian System 
(David 1950, p. 72), that is, about the middle of the Upper Proterozoic; the pole
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determined from these lavas lay near New Zealand (No. 2). The relative strati­
graphic positions of the Edith River Volcanics and these Nullagine lavas is uncer­
tain and it is assumed here that the latter are somewhat younger as seems most 
likely from the glaciation evidence. The Buldiva quartzite, which contains fossils 
of primitive life, is the youngest Proterozoic formation studied. It is placed at the 
very top of the Upper Proterozoic and is sometimes referred to as sub-Cambrian 
(Noakes 1956). The pole (No. 3) lay near Mauritius in the South Indian Ocean.
O
F ig . 3.—Polar movement during and since the Upper Proterozoic. T h e  poles are 
num bered as in  the  T able. T h e  pole path  sketched is necessarily conjectural.
T h e  path  o f polar m ovem ent since C arboniferous tim es is added in  th inner 
line for com parison. T h e  possible linkage of these two th rough  A ntarctica is 
indicated  (Polar projection).
The Upper Proterozoic appears to have been a period of very considerable polar 
wandering as the palaeomagnetic data from the Northern hemisphere also indicates 
(Du Bois 1955, Creer & others 1957).
The pole during Lower and Middle Cambrian times lay near South Africa 
(Nos. 4 and 5). During the late Silurian and early Devonian it was situated in a 
similar longitude but well south in the Southern Ocean.
Because of the occurrence of reversals of magnetization the palaeomagnetic 
method, although it determines the position of the pole, does not give its polarity. 
Clearly, unless an approximately continuous pole sequence is obtained, as for 
instance in Figure 2, an unambiguous path cannot be traced. In the Australian 
results there are very great discontinuities in the Upper Proterozoic and especially 
in the Upper Palaeozoic between the Lower Devonian and the Upper Carboni­
ferous, and ambiguities of this type consequently arise. Clearly, the curve given in 
Figure 3 is only one of many possible polar paths (it is in fact the simplest possible 
path) and further sampling will be necessary before these uncertainties are settled.
4. Palaeoclimatic aspects
There are theoretical reasons connected with the origin of the geomagnetic 
field for supposing that the average geocentric dipole will always be directed along 
the Earth s axis of rotation (Runcorn 1 9 5 4 » Creer & others 1957). Palaeomagnetic 
evidence from the Upper Cenozoic in both hemispheres has shown that this has 
been the case during the last 20 million years (Hospers 1955, Irving & Green 1957). 
It is therefore possible that the pole positions given in this paper may also be the
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positions of the geographic poles relative to Australia. If this is so the palaeo­
climatic conditions in Australia should be broadly consistent with the geomagnetic 
latitude deduced from the palaeomagnetic data.
The variations in geomagnetic latitude for South-eastern Australia are given in 
Figure 4. During the Upper Proterozoic, and again in the late Palaeozoic and 
Mesozoic, Australia was in a high geomagnetic latitude and it is at these times that 
the geological evidence indicates a cold climate. The tillites and varved sediments
s I  I  5Proterozoic
F ig . 4 .— The variations in geomagnetic latitude in South-eastern Australia. T hese  curves are 
calculated for a central poin t in  South-eastern  Australia (35S, 145E). T h e  errors are obtained from  
the  errors in the  determ inations o f the  positions of th e  ancient poles and represent the  lim its w ithin 
w hich the  latitude lay a t P  =  0-95. T h e  curve is derived from  Figures 2 and 3.
of the Adelaidian System and the outwash gravels of the Nullagine rocks provide 
evidence of extensive glaciation in the earlier period (David 1950, p. 79). Similar 
deposits in the Kuttung Series and its equivalents elsewhere in Australia indicate a 
glaciation in the Upper Carboniferous (David 1950, p. 326). Evidence of glaciation 
is again found in the Permian (David 1950, pp. 341, 397), and the deposits of the 
Triassic, Jurassic and Cretaceous are generally regarded as having been laid down 
in cold to temperate conditions (David 1950, pp. 440, 476, 515). The fossil trees 
during these periods have pronounced growth rings suggesting the well-marked 
seasonal changes characteristic of higher latitudes. The great saurian reptiles 
are absent and the invertebrate marine faunas have a cold Water aspect (see, for 
instance, Whitehouse 1926). The indications of warm climate which are wide­
spread in other parts of the world at these times, for example in the Mediterranean 
region, are absent, and this would seem to imply that Australia Was in high or 
intermediate latitudes just as the palaeomagnetic results do. It may also be noted 
that from the Proterozoic to Devonian the geomagnetic latitudes are low, and during 
these times no glacial formations are known in Australia, whereas red beds, dolo­
mites, thick limestones with algal, Archaeocyathid and coral reefs are common.
Because of exceptional meteorological conditions in the past the palaeoclimatic 
evidence may not always give a close indication of latitude. Nevertheless the broad 
correspondence between this evidence and the palaeomagnetic latitude, in particular 
the coincidence of high geomagnetic latitude with glaciation, suggest that on 
average the geomagnetic and geographic poles have always been coupled together,
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and that so far as Australia is concerned the great Proterozoic and late Palaeozoic 
glaciations may be reasonably explained by movement of the geographic poles 
relative to Australia. The ambiguity mentioned at the end of the previous section 
does not alter this argument. It should be noticed from Figure 2 that this 
explanation for glaciations in Australia would not provide for the late Palaeozoic 
glaciations of South America, South and Central Africa and India, assuming 
that the present continental positions have always been maintained.
5. Comparison with palaeomagnetic results from elsewhere
Except in later Cenozoic times the poles determined from the Australian data 
do not coincide with equivalent results from Europe, North America, Africa and 
India. The contrast is greatest in the Upper Palaeozoic and early Mesozoic where 
the discrepancies between pole determinations from rock formations of similar 
age is between 50° and 90° of arc, and are far greater than any experimental error 
(Figure 5). It would seem very difficult to explain these discrepancies without 
entertaining the possibility that in the past Australia has moved as a whole relative 
to the Northern continents.
The polar paths for Carboniferous and later times obtained from North 
America, Europe and Australia have an approximately similar form. They are 
roughly meridional in direction, begin in similar latitudes, and converge on the 
present pole in later Tertiary times. Their different longitudinal positions could 
be explained by supposing that relative movements have occurred between these 
continents since the Carboniferous, movements which possibly extended into the 
Tertiary (Irving & Green, 1957). However, the form of the polar path from Austra­
lia prior to the Carboniferous is so different from that obtained from the Northern 
continents (Creer & others 1957) that the supposition of post-Carboniferous 
continental drift only is inadequate and it is necessary to suppose that relative 
movements also occurred prior to the Carboniferous. I f  the discrepancies between 
equivalent pole results from different continents are to be explained by continental 
drift then there seems to be no reason to regard it as a unique process occurring 
only at one stage of geological history; in fact there are suggestions that it was 
also operative in earlier epochs.
Department of Geophysics,
Australian National University,
Canberra, A.C.T.
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References
Belshe, J. C., quoted by Runcorn, S. K. (1955). Adv. in Phys., 4, 244.
Campbell, C. D. & Runcorn, S. K., 1956. Journ. Geophys. Res., 61, 449.
Clegg, J. A., Almond, M. & Stubbs, P. H. S., 1954. Phil. Mag., 45, 583.
Creer, K. M., Irving, E. & Runcorn, S. K., 1957. Phil. Trans. Roy. Soc. A, 250,
HA
David, Sir T. W. E., 1950. The Geology of the Commonwealth of Australia, (edit.
by Browne, W. R.), 1. Arnold, London.
Doell, R. R., 1955. Nature (London), 176, 1167.
Du Bois, P. M., 1955. Nature (London), 176, 506.
O J. JAEGER & R. GREEN
THE USE OF THE COOLING-HISTORY 
OF THICK INTRUSIVE SHEETS FOR THE 
STUDY OF THE SECULAR VARIATION 
OF THE EARTH’S MAGNETIC FIELD
Reprinted from the Review 
GEOFISfCA PfR A  E APPLICATA - MILANO 
Vol. 35, pp. 49-53 (1956)
THE USE OF THE COOLING-HISTORY 
OF THICK INTRUSIVE SHEETS FOR THE STUDY 
OF THE SECULAR VARIATION 
OF THE EARTH S MAGNETIC FIELD
b y  J .  C. J a e g e r  (*) & R . G r e e n  (**)
Sum m ary  — N um erical resu lts are given w hich show th e  w ay in w hich th e  Curie 
tem p era tu re  moves inw ards from  th e  m argin during the cooling of a th ick  in trusive  
sheet. The tim e tak en  to move from  th e  m argin to  the centre varies as the  square 
of th e  thickness of th e  sheet, being about 6500 years for a sheet 1000 m th ick  on 
reasonable assum ptions as to  the therm al p roperties o f th e  m aterial. This im plies 
th a t  th e  secular varia tion  of th e  E a r th ’s m agnetic field over periods of tim e of 1000 
years or m ore m ay be studied by m easuring th e  d irections of m agnetisa tion  a t a series 
o f points across th e  thickness of such a sheet.
Some m easurem ents on a T asm anian sill abou t 430 m th ick  of Ju rassic  or Cre­
taceous age suggest a change from  m axim um  to  m inim um  inclination  in  a tim e of 
abou t 200 years. Since the m argins of the sill are no t available th is figure m ay 
be considerably in  error b u t the resu lts suggest th e  general p rac ticab ility  of th e  m ethod
1. In troduction  — T he secu la r v a r ia tio n  o f  th e  E a r th ’s m ag n e tic  field  in  th e  
p a s t  h as  b een  s tu d ied  b y  m ean s  o f  p a laeo m ag n e tic  m easu rem en ts  on  v a rv e s  an d  
deep-sea  sed im en ts , e.g. b y  J o h n so n , M u r ph y  & T o r r eso n  (*) a n d  G r if f it h s  f2) .
T he o b jec t o f  th is  n o te  is to  p o in t o u t th e  p o ss ib ility  o f u sin g  th e  cooling- 
h is to ry  o f a  th ic k  in tru s iv e  sh ee t for th is  pu rp o se . I t  w ill be  show n in  § 2 t h a t  th e  
tim e  ta k e n  for th e  C urie te m p e ra tu re  to  m ove from  th e  m a rg in  to  th e  cen tre  o f 
su ch  a  sh e e t m a y  be  som e th o u sa n d s  o f y ea rs . Since each  p o in t o f  th e  sh ee t b e ­
com es m ag n e tised  in  th e  d irec tio n  o f  th e  E a r th ’s field  a t  th e  tim e  a t  w h ich  i t  falls 
th ro u g h  i ts  C urie te m p e ra tu re , a  s tu d y  o f  d irec tio n s o f m a g n e tis a tio n  th ro u g h o u t 
such  a sh ee t sho u ld  y ie ld  in fo rm a tio n  a b o u t th e  secu la r v a r ia tio n  o f  th e  E a r th ’s 
fie ld  in  th e  geological age in  w h ich  th e  sh ee t w as in tru d e d .
I n  § 2 som e n u m erica l v a lu e s  fo r th e  tim e  ta k e n  fo r th e  C urie te m p e ra tu re  
to  m ove th ro u g h  a  cooling  sh ee t w ill be g iven , a n d  in  § 3 som e o b se rv a tio n s  on
(*) Professor of Geophysics, A ustralian  N ational U niversity , Canberra.
(**) R esearch Scholar, D epartm en t of Geophysics, A ustra lian  N ational U niver­
s ity , Canberra.
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a sheet o f over 300 m  in  thickness will be discussed as an  illustration . U nfortunately  
th is  sheet, w hich w as th e  th ickest available to  the  authors, is n o t well su ited  to  
the purpose as ne ith e r m argin is available, b u t th e  resu lts appear to  indicate the  
p rac ticab ility  o f th e  m ethod and  suggest a sm all oscillation in  inclination  w ith  a 
period of a few hundred  years.
2. The progress o f the Curie temperature through a cooling intrusive sheet — 
Calculations of th e  tem peratu re  in  an  in trusive sheet which cools by  conduction 
have been m ade b y  L o v er in g  (*) and  m ore recen tly  b y  J a e g e r  (4). The form er 
neglects the  effect o f la ten t h ea t of solidification, b u t the la tte r  shows th a t  th is  
has im p o rtan t effects, in  particu lar, on the  tem peratu res a t and  near the  contacts. 
In  the p resen t contex t, because of th e  accident th a t  the Curie tem peratu re  o f  
m agnetite (580° C) is about h a lf th e  tem p era tu re  a t  which the  m agm a is likely  
to  have been in truded , i t  is possible for the  sim ple form ulae of L o v er in g  to  give 
ra th e r large errors. For th is  reason, some values calculated  num erically  are given 
in  Fig. 1. The assum ptions on which these are based, which are reasonable in
Distance from margin (metres)
Fig. 1 - The tim e taken  fo r  the C urie tem perature  0C to move a n y  distance inw ards fr o m  
the m argin  o f  a sheet o f  thickness D metres fo r  various values o f  the range o f  so lid ifica tion , 
T2 to Tj. Curve I :  T2 =  1000° C, =  800° C, 0O =  580° C. Curve IT . T2 =  1100° C, 
Tj =  800° C, 0C =  580° C. Curve I I I : T2 =  1000° C, T, =  800° C, 0e =  500° C. 
Curve I V :  T2 =  1100° C, T, =  800° C, 0C =  500° C.
view of th e  uncertain ties in  th e  therm al p roperties of the  m aterials concerned, a r e : 
(i) coun try  rock an d  bo th  liquid  and solid m agm a have the same the rm al conducti­
v ity  and  th e  sam e density , (ii) th e  m agm a is in tru d e d  a t the  top  of its  range o f  
solidification, i.e. a t  the  liquidus tem pera tu re  appropria te  to  its  com position, and 
the coun try  rock is in itia lly  a t  zero tem pera tu re , (iii) the specific h ea t of liquid  
m agm a is 0.3 while th a t  of solid m agm a an d  coun try  rock is 0.25, (iv) th e  h ea t o f
5
solidification of the m agm a is 100 cl/gm, (v) the  sheet is in truded  under a conside­
rable dep th  of cover and  cools w holly by  conduction so th a t  a t  any  tim e tem pera­
tures are sym m etrical abou t its  m id-plane. These assum ptions, and  the effects 
o f departures from  them , are discussed in  detail by  J a e g e r  (4). F rom  the d a ta  
above, and the  range of solidification of the m agm a, the  tem pera tu re  a t any  point 
in  the  sheet a t  any  tim e m ay be calculated. The resu lts o f Fig. 1 are intended 
for use w ith  a dolerite sheet and  tw o typ ical ranges of solidification, nam ely  1100° C - 
800° C and 1000° C - 800° C, have been used. In  these cases the  tem peratu res 
a t  the  m argins fall to  approxim ately  665° C and  620° C, respectively, and rem ain 
very  near to  these values for some thousands of years during which tim e solidi­
fication takes place. A fter th is , the  tem peratu re  in  the  sheet falls slowly, the  Curie 
tem peratu re  of m agnetite (580° C) being reached a t the  m argins first and th e n  
m oving slowly in to  the  in te rio r of the sheet. W hat is required  in  the  presen t 
con tex t is the tim e tak en  by  th is  tem peratu re  level to  progress inw ards to  a given 
distance from  the m argin. This is shown in  the  curves of Fig. 1 w hich give th is  
tim e in  years as a function of distance from  the m argin in  m etres for four cases 
corresponding to  the  tw o ranges of solidification m entioned above, and  two values, 
580° C and  500° C, of the  Curie tem peratu re . The curves are applicable to  all 
values of the  thickness D  (metres) of the  sheet since th is has been inserted  in  the 
scales. I t  appears, for exam ple, th a t  in  the  ra th e r  extrem e case of a sheet 1000 
m etres th ick  the  tim e ta k en  for the  Curie tem peratu re  to  move from  the m argin  
to  the  centre is of the order of 6500 years.
The fact th a t  the four curves of Fig. 1 do no t differ greatly  indicates th a t  
the effect of sm all changes in  the  assum ed Curie tem peratu re  or range of solidi­
fication, or, in  fact, of the o ther p aram eters, are n o t im p o rtan t in  the  p resen t contex t.
3. Measurements on a thick dolerite sheet — The exam ple to  be considered is 
a  sill belonging to  the T asm anian  tholeiite com plex (Jurassic  or Cretaceous). I t  
is s itu a ted  a t the  G reat Lake and is available only in  a vertical bore core (No. 5001 
of the  H ydro-electric Commission of Tasm ania), there being no field exposure except 
a t th e  collar of the hole. The first m agnetic m easurem ents on th is  core were m ade 
b y  B l a c k e tt  and Cl eg g  who found the d irection of m agnetisation  to  be nearly  
vertical: th e ir  results are reproduced in  the  more detailed  s tudy  b y  J a e g e r  & 
J o p l in  (5). A study  of T asm anian  dolerites from other sites, including a field 
te s t of th e ir  stability , has been m ade by  I r v in g  (6). This p articu la r sill has been 
studied  because the core is b y  far th e  longest available to  the  au thors, b u t from 
th e  presen t po in t of view i t  is ra th e r  unsu itab le since neither m argin  is available- 
the drill hole did no t p enetra te  the  sill, and  th e  upper m argin  has been eroded 
away. A very  detailed petrological s tudy  of the  core has now been m ade by  J o p­
l in  (7) who gives reasons for concluding th a t  (i) the  collar is no t very  d is tan t from 
the  upper m argin, (ii) the distance from  the  base of th e  hole (1050 ft) to  the lower 
m argin is o f the order o f 300 ft, (iii) the  petrology of the  sill is consistent w ith  its  
having been em placed as a single in trusion , and th a t  the re  is no reason to  suppose 
th a t  i t  m ay have been a m ultiple in trusion.
A ny estim ate of the thickness of the  sill is, to  some ex ten t, speculative, b u t 
i t  is necessary to  set a figure in  order to  determ ine the tim e-scale o f cooling, and 
it  will be assum ed th a t  the thickness of the sill is 1400 ft, 50 ft having been w ea­
th e red  aw ay betw een the collar and the  upper m argin, and  there being 300 ft be­
low the  bo ttom  of th e  drill hole.
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A fu rth e r com plication arises from  th e  fact th a t  anom alous values o f the in ­
clination  occur in  th e  first tw en ty  feet below th e  surface. Since such anom alous 
values are frequently  suspected and  in form ation  abou t the  w ay  in  w hich they  
persist in  dep th  is useful and  is well shown b y  m easurem ents on bore core, the 
results are given in  Table 1. Because of these anom alous results, no m easurem ents 
a t  depths of less th a n  50 ft have been used in  the  p resen t work.
T a b l e  1.
D epth
(ft)
Inclination
In ten sity  
e.m .u. X 104
0.5 40 10.1
2.0 27 9.8
5 70 15.1
8 74 14.8
9 82 6.4
10 72 9.2
11.5 82 11.8
13 70 5.5
18 83 6.4
21 83 10.7
28 85 10.4
33 83 16.3
F or the  s tudy  of the secular varia tion , sets o f a t  least six sam ples were taken  
th rough  the sill a t in te rvals of abou t 100 ft or less. The m ean inclination for each of 
these sets, toge ther w ith  the «tails» in  w hich the re  is a p robability  of 0.95 th a t the
0 Depth (ft) 500
Fig. 2 - In c lin a tio n  I plotted aga inst depth in  a th ick sill.
tru e  m eans lie, are shown in  Fig. 2 p lo tted  aga inst dep th  below the collar in  feet. I t 
was shown in  J a e g e r  & J o p l in  (5) th a t  i t  is probable th a t  the upper 700 ft of the  sill 
is norm ally m agnetised  and  the  lower p a r t  reversed, no account of reversals has 
been ta k en  in  Figs. 2 or 3, th e  absolute value of the  inclination  I  always being used.
In  Fig. 3 th e  resu lts of Fig. 2 are rep lo tted  on the  tim e scale derived from 
Curve I I  of Fig. 1 an d  the assum ptions s ta te d  earlier about the thickness of the 
original sheet and  th e  position of the  existing  core in  it. The effect o f th is  is to  
expand  th e  scale o f Fig. 2 near the m argin and  to  con trac t i t  nea r the centre. Also,
i t  appears th a t  the  fact th a t  no sam ples could be tak en  from  w ith in  100 f t of th e  
m argin has led to  a loss of 400 years in  the tim e covered: th is figure would have 
been changed, of course, i f  o ther assum ptions had  been m ade abou t the precise 
position of th e  m argin. On the  p resen t assum ption of sym m etrical cooling, the  
values in  Fig. 2 should be sym m etrical about the  m iddle of the  sheet (650 ft in  
Fig. 2) while in  Fig. 3 the  points for dep ths below the m iddle of the sheet (m arked 
by  crosses) should fall on the  sam e curve as those for dep ths above th e  m iddle, 
th is is seen approxim ately  to  be th e  case.
io° ■
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Fig. 3 - In c lin a tio n  I pU lied  against tim e  fo r  the sill o f  F ig . 2 on the a ssu m p tio n  that the 
th ickness o f the sill is 1400 f t  a n d  that 50 f t  above the collar has been weathered a w ay.
The results of Fig. 3 suggest an  oscillation in  inclination  of ab o u t 3° w ith  a 
period of abou t 400 years w hich m ay be superposed on a general trend . Because 
of the short tim e covered b y  these resu lts and  the m any  uncerta in ties involved 
in dealing w ith  th is  p articu la r sill, i t  has not been though t w orth  while to  do th e  
considerable additional sam pling necessary to  im prove the  s ta tistics to  a satisfac­
to ry  level and the  results of Fig. 3 are regarded m ainly as an  illu stra tion  of the  
m ethod. I t  is felt th a t  th e y  suggest th a t  observations of th is  type on a th icker 
sheet w ith  a t least one m argin  available should yield valuable inform ation.
F inally , i t  m ay be no ted  th a t  th e  m easurem ents from  the  lower reversed por­
tion  of the sill (700-1050 ft) fit well in to  th e  p a tte rn  of secular varia tion  shown by  
those of the  upper norm al portion  (0-700 ft). In  view of th e  short tim es involved, 
th is suggests th a t  th is  reversal is no t due to  a change of sign of the E a r th ’s field.
R E F E R E N C E S
(J) J o h n s o n , F . A., Mu r p h y , T. & T o r r e s o n , O. W .: P re-history o f  the E a rth ’s 
m agnetic fie ld , Terr. Mag., vol. 53, p. 349 (1948). —  (2) Gr i f f i t h s , D. H . : The rem anent 
m agnetism  of varved clays fr o m  Sw eden , M onthly N otices R oy. Ast. Soc. Geopliys. Suppl., 
vol. 7, p. 103 (1955). — (3) L o v e r i n g , F. S .: Theory o f  heat conduction app lied  to 
geological problem s, Bull. Geol. Soc. Am erica, vol. 46, p. 69 (1935). —- (4) J a e g e r , J . C.: 
The tem perature in  the neighbourhood o f  a cooling in trusive  sheet, Amer. J . Sei. (in press).
—  (5) J a e g e r , J . C. & J o p l i n , G. A .: R ock m agnetism  and the d iffe ren tia tio n  o f  a dolerite 
sill, Jo u rn . Geol. Soc. A ust., vol. 2, p. 1 (1955). — (6) I r v i n g , E .: The m agnetisa tion  o f  the 
M esozoic dolerites o f  T a sm a n ia , P apers and Proc. R oy. Soc. l a m . ,  vol. 90, p. 157 (1956).
—  ( ' )  J o p l i n , G. A.: On the problem  o f  the quartz dolerites: some sig n ifica n t fa c ts  concer­
n ing  m inera l volum e gra insize  and  fa b r ic , P apers and P roc.R oy. Soc. Tam . (in press).
( Received  16th Septem ber 1956)
"T
(Reprinted from Nature, vol. 179, pp. 1064-1065, May 25, 1957)
PAL/EOMAGNETIC EVIDENCE 
FROM THE CRETACEOUS AND 
CAINOZOIC
By E. IRVING and R. GREEN
Department of Geophysics, Australian National University, 
Canberra
TN som e rook ty p es  (it is un likely  th a t  th ese  con- 
JL s t i tu te  m ore th a n  5 per cen t o f th e  rocks exposed 
to  ou r view  on th e  E a r th ’s surface) th e  d irec tions of 
m agnetiza tion  m a y  be  iden tified  w ith  th e  d irection  
of th e  geom agnetic field a t  th e  tim e  o f deposition  
a n d  m ay  be  described  as  hav in g  ‘s tab le ’ m ag n e tiza ­
tion . Some au th o rs1-5, from  a  considera tion  of 
palseom agnetic d a ta  from  such  rocks o f Ju rassic , 
T riassic, Palaeozoic a n d  P re-C am brian  age, h ave  
found  i t  necessary  to  con tem p la te  th e  possib ility  o f 
re la tiv e  m ovem ents betw een m an y  o f th e  m ajo r land- 
m asses o f th e  w orld. T heir case is based  on th e  fac t 
th a t  th e  positions o f th e  geom agnetic poles de te rm ined  
from  th e  d irections of m ag netiza tion  in  rocks laid  
dow n in  th e  same (pre-C retaceous) geological period  
in  d ifferen t con tinen ts never agree. A greem ent m ay  
be  ach ieved  b y  supposing  th a t  th e  con tinen ts , 
behav ing  as sep a ra te  en tities , h av e  m oved  re la tiv e  
to  one an o ther. These m ovem ents m ay  be  tr a n s la ­
tions or ro ta tions. T ran sla tio n  along a  line of la titu d e  
producing  a  change in  long itude does n o t g ive a 
pole d iscrepancy  b y  th e  palseom agnetic m ethod . 
O bserved pole differences a re  therefo re  th e  outcom e 
o f e ither tra n s la tio n  in  a  m erid ional d irection , o r o f 
ro ta tio n . T here  is evidence in  th e  pre-C retaceous 
palseom agnetic d a ta  for b o th  ty p e s  o f m o v e­
m en t.
I n  th e  p resen t com m unication , th e  resu lts  from  
a  palseom agnetic su rvey  o f tw o  groups o f basic 
volcanic rocks in  V ic to ria , A u stra lia , a re  ou tlined , 
a n d  a n  a t te m p t is m ade  to  in teg ra te  th e m  w ith  
equ iva len t observations from  th e  n o rth e rn  hem isphere. 
I t  is concluded th a t  re la tiv e  co n tin en ta l m ovem ents 
o f th e  ty p e  ju s t described  h ave  been  negligible since 
th e  U p p er T e rtia ry , b u t  ap p ea r to  hav e  been  opera tive  
th ro u g h  th e  C retaceous in to  th e  T e rtia ry — th a t  is, 
m ore recen tly  th a n  w as supposed  from  th e  p rev ious 
palseom agnetic evidence.
T he N ew er V olcanics a re  fo r th e  m ost p a r t  o f 
P leistocene age, a lth o u g h  som e o f th e  older flows m ay  
be  P liocene a n d  som e o f th e  younger a re  R ecen t.
Sam ples h av e  been  ta k e n  from  th irty -tw o  localities 
sp read  over an  a rea  of 10,000 sq u are  miles. T he m ean  
d irec tion  o f n a tu ra l rem an en t m ag netiza tion  is 
para lle l to  th e  p resen t geocentric ax ia l dipole field, 
an d  th e  pole position  consisten t w ith  th is  d irection  
is co inciden t w ith  th e  geographical pole (T able 1). 
C onfirm atory  resu lts  h av e  been  o b ta ined  from  b asa lts  
in  T asm an ia  an d  Q ueensland. I t  appears therefo re  
th a t ,  so fa r  as th is  region is concerned, th e  E a r th  
d u ring  th e  p a s t 106 years  has , on average, behaved  
as if  i t  w ere a  un ifo rm ly  m agnetized  sphere w ith  its  
ax is (the m ean  geom agnetic axis) coinciding w ith  
th e  ax is o f  spin. R eversa ls occur, b u t these  m erely  
in troduce  a n  am b ig u ity  in  th e  sign o f th e  cen tra l 
dipole a n d  a re  o f no  in te re s t in  th e  p resen t con tex t. 
I n  th e  n o rth e rn  hem isphere , th e  concurrence o f th e  
average palaeom agnetic d irec tion  w ith  th e  ax ia l 
d ipole field h as been  observed  in  m an y  rock fo rm a­
tio n s  (see Hospers*), th e  ages o f w hich range back  
to  th e  Miocene. I n  F ig . 1 th e  pole position  ca lcu lated  
from  th e  N ew er V olcanics is g iven to g e th e r w ith  
th ree  n o rth e rn  hem isphere  de te rm in a tio n s (m any 
m ore m ay  be  ob ta in ed  from  ref. 6), a n d  all coincide, 
w ith in  th e  errors, w ith  th e  p resen t geographical pole. 
A p p aren tly  th is  un ifo rm  ch arac te r o f th e  geom agnetic 
field h as  been  h e ld  for th e  p a s t 20 x  106 years.
T he O lder V olcanics o f V ic to ria  a re  o f Low er 
T e rtia ry  age a n d  p rob ab ly  E ocene. T heir d irections 
o f m agnetiza tion  h av e  been  observed a t  fifteen sites 
covering 5,000 sq u are  m iles, a n d  th e  inc lina tions a re  
steeper th a n  in  th e  N ew er V olcanics (T able 1). 
A ssum ing th a t  th e  E a r th ’s field h as  alw ays m a in ­
ta in e d  th e  average  d ipo lar ch arac te r, th e  pole posi­
tio n s  consisten t w ith  a n y  d irec tion  of m agnetiza tion  
m ay  be ca lcu la ted  ; th is  assum p tion  m ay  be referred  
to  as th e  dipole hypo thesis. T he so u th e rn  hem isphere 
pole consisten t w ith  th e  average  d irec tion  o f th e  
O lder V olcanics, to g e th e r w ith  th e  pole dete rm ined  
from  th e  T asm an ian  do lerites11 (Ju rassic  or C re­
taceous), a n d  from  fou r rock  fo rm ations o f C retaceous 
a n d  L ow er T e rtia ry  age elsew here a re  p lo tte d  in 
F ig . 2. F ro m  th is , tw o p o in ts  o f in te re s t arise. 
F ir s t,  th e  C retaceous a n d  L ow er T e rtia ry  poles from  
E urope  a n d  N o rth  A m erica, a lth o u g h  differing from  
th e  p resen t pole, a re  co inciden t w ith  one an o th e r ; 
th is  su b s ta n tia te s  th e  dipole hypo thes is for th is  a rea  
d u ring  th is  tim e, assum ing  no re la tiv e  ro ta tio n  or 
change in  la t itu d e  betw een  E u ro p e  a n d  N o rth  
A m erica since th e  C retaceous. (R ela tive  change in  
long itude  is n o t, o f course, excluded.) Secondly, th e  
eq u iv a len t poles from  th e  In d ia n  a n d  A ustra lian  
observations a re  n o t only  a  m uch  g rea te r d is tance  
from  th e  p resen t pole b u t  a re  also fa r  d is ta n t from  
one ano ther.
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F o u r possible ex p lana tions fo r th is  occur to  us :
(1) T h a t in ad eq u a te  geological d a tin g  inva lida tes 
these  com parisons, a n d  th a t  these  pole discrepancies 
a re  due  to  th e  occurrence o f  geom agnetic po lar 
w andering  (relative to  th e  E a r th  as a  w hole16) betw een  
th e  tim e  o f deposition  of th e  rock  fo rm ations here  
com pared. T he effect o f such  p o la r w andering , if  
it  occurred , should  be p resen t in  th e  E u ro p ean  
a n d  N o rth  A m erican  r e s u l ts ; in  fac t, i t  is n o t 
(Fig. 2).
(2) T h a t d u ring  th e  C retaceous a n d  Low er T e rtia ry  
th e  surface geom agnetic field, a lth o u g h  d om inan tly  
d ipo lar in  E u ro p e  a n d  N o rth  A m erica, w as n o t so a t  
th e  opposite  side o f th e  E a r th  in  A u stra lia  ; b y  th e  
P leistocene th is  d isorder w as lost a n d  th e  average 
field becam e th a t  o f a  geocentric dipole a t  a ll these  
places. F ro m  sy m m etry  considerations th is  a rg u ­
m e n t seem s un likely , an d , as th e re  is a lready  con­
siderab le  th eo re tica l17 a n d  observa tiona l3 0 evidence 
in su p p o rt o f th e  dipole hypo thesis, th is  p o in t o f 
view  is regarded  as  tenuous, a lth o u g h  i t  canno t a t  
th e  m om en t be  excluded.
(3) T h a t A u stra lia  an d  In d ia  h ave  undergone 
tra n s la tio n  m ovem ents w ith  respect to  each  o th er 
an d  to  E u rope  an d  N o rth  A m erica du ring  C retaceous 
an d  Low er T e rtia ry  tim es. T he m in im um  m ovem ents 
necessary  a re  ab o u t .1,300 m iles betw een  A ustra lia  
an d  E u ro p e  a n d  betw een  In d ia  a n d  A ustra lia , an d  
a b o u t 4,000 m iles betw een  In d ia  an d  E u ro p e  an d  
In d ia  an d  N o rth  A m erica.
(4) T h a t these  co n tin en ts  h av e  ro ta te d  w ith o u t 
change in  position . F o r  exam ple, if  A u stra lia , N o rth  
A m erica an d  E u ro p e  a re  ro ta te d  clockw ise b y  120°, 
100° a n d  150° a n d  In d ia  anti-clockw ise b y  30°, th e  
C retaceous a n d  L ow er T e rtia ry  pole determ inations 
com e to  lie m u ch  closer to  one an o th e r in  w h a t is 
now adays th e  region o f N ew  G uinea, N o rth  A ustra lia  
a n d  In d o n esia  (100°-140°E . an d  10° N .-3 0 0 S.). 
A t first s igh t th is  d raw ing  to g e th e r o f pole d e ­
te rm in a tio n s  from  four co n tin en ts  b y  sim ple ro ta tio n  
m a y  seem  im p o rta n t, b u t  in  view  o f th e  large size 
o f th is  region a n d  th e  pole errors, we a re  n o t inclined 
to  a tt r ib u te  a n y  special significance to  th is , a t  least 
n o t u n til i t  is su b s ta n tia te d  b y  fu r th e r de term inations. 
I t  is g iven h ere  m erely  a s  a  possibility .
O ur resu lts  from  th e  N ew er V olcanics o f V ictoria  
a re  th e  firs t confirm ation  from  th e  so u th e rn  hem i­
sphere o f th e  average  dipole n a tu re  o f th e  geo­
m agnetic  field du ring  th e  la te r  p a r t  o f th e  Cainozoic. 
T he possib ility  o f  im p o rta n t m ovem en ts betw een
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E u ro p e , N o rth  A m erica a n d  A u stra lia  d u ring  th is  
period  is very  un likely . H ow ever, to  explain  ou r 
resu lts  from  th e  O lder V olcanics a n d  eq u iva len t 
observations elsew here, i t  is necessary  to  en te r ta in  
th e  idea  o f large-scale tra n s la tio n a l an d /o r ro ta tio n a l 
m ovem ents in  C retaceous a n d  T e rtia ry  tim es. These 
conclusions a re  con tingen t on th e  d ipole hypo thesis, 
a n d  can n o t be  avo ided  if  th is  is tru e . W e realize 
th a t  th e y  raise  im p o rta n t geological questions. The 
large ro ta tio n s  in  a lte rn a tiv e  (4) a re  difficult to  im agine, 
a n d  large-scale tra n s la tio n s  m ay  in  consequence be 
view ed m ore favou rab ly . W e w ish  to  s ta te  these  
conclusions w ith o u t a n y  p re jud ice  a s  to  th e ir  
geological p ro bab ility .
W e th a n k  D r. O. P . S ingleton, o f th e  D ep a rtm en t 
o f  Geology, U n ivers ity  o f M elbourne, for h is very  
g rea t he lp  w ith  th e  sam pling  problem s an d  o th er 
geological aspects o f th is  w ork.
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